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INTRODUCTION 

The p o s t u r a l  c o n t r o l  work du r ing  t h i s  q u a r t e r  has re- 

s u l t e d  i n  a working computer model of  t h e  s t i c k  man. A t  

t h e  r e q u e s t  of OCTA t h e  i m p l i c a t i o n s  of t h i s  work are more 

f u l l y  explored  h e r e  t h a n  i n  P rogres s  Report  No. 1 (PR 1). 

Of some concern t o  t h i s  group i s  the q u e s t i o n  posed by OCTA 

as t o  t h e  a c c e p t a b i l i t y  of t h i s  r e s e a r c h  t o  p h y s i o l o g i s t s .  

’ Obviously t h i s  depends on t h e  ind iv idua l .  b u t  w e  feel  that  

close r e l a t i o n s  are main ta ined  w i t h  the l a t e s t  work i n  t h e  

f i e l d .  H e r e  are f o u r  s p e c i f i c  examples of such  r e l a t i o n s .  

The Department of Biology a t  Oakland i s  housed i n  

Dodge H a l l  of Engineer ing,  Seve ra l  o f  the i n v e s t i -  

gators of t h i s  team (Kill, Edgerton, Haske l l )  are 

i n  d a i l y  c o n t a c t  w i t h  P h y s i o l o g i s t s  of t h e  department.  

I t e m :  H i l l  and Edgerton are j o i n t l y  t e a c h i n g  

w i t h  the Department of Biology a course  I n  Bioengineer ing.  

1 
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I t e m :  Haskell works d i r e c t l y  wi th  t h e  depar t -  

ment on t h e  p r e p a r a t i o n  of s l ides  and i n t e r p r e t a t i o n  

of r e s u l t i n g  holograms i n  t h e  r e s e a r c h  desc r ibed  

he re in .  

The I n s t i t u t e  of B i o l o g i c a l  Sciences i s  housed i n  

Dodge Ha l l  of Engineer ing and d a i l y  c o n t a c t  i s  main- 

t a i n e d .  Not only  i s  personnel  exchanged b u t  equip- 

ment and l a b o r a t o r y  space are j o i n t l y  adminis te red .  

C l o s e  r e l a t i o n s  have been e s t a b l i s h e d  w i t h  neurosur-  

geons a t  Pon t i ac  General Hosp i t a l  and j o i n t  r e s e a r c h  

has  been i n i t i a t e d  i n  several promising areas. 

Thus one may say t h a t  the r e l a t i o n s  and cross discus-  

s i o n s  w i t h  Biology,  Medicine and Physiology are deep and 

cont inuing  a t  Oakland, This s p e c i f i c  r e s e a r c h  e f f o r t  i s  

on ly  one of more than  a h a l f  dozen now ongoing and in pre-  

p a r a t i o n ,  T h i s  work i s  n e i t h e r  an isolated nor  s i n g u l a r  

example of t h e  c l o s e  t ies  w i t h  t h e  l i f e  s c i ences  w e  have 

e s t a b l i s h e d  i n  t h e  p a s t  two years,  These comments apply 

as s t r o n g l y  t o  any one of the t a s k s  r e p o r t e d  he re  as t o  any 

o t h e r .  

An e f f o r t  has been made he re  t o  i l l u s t r a t e  the t i e s  t o  

NASA g o a l s  of ou r  Bio o p t i c s  e f f o r t .  It i s  be l i eved  t h a t  

t h e  p o s s i b l e  a p p l i c a t i o n s  w i l l  be of s i g n i f i c a n t  i n t e r e s t .  

One i s  tempted i n  judging an exp lo ra to ry  e f f o r t  such as 

t h i s  t o  f a l l  i n t o  e i t h e r  of two c l i c h g s .  I f  i t ' s  r e l e v a n t ,  

why d o n ' t  I see p lans  f o r  hardware? If t h e r e  i s n ' t  any 
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hardware then  it must be b a s i c  phys ics  and OCTA d o e s n ' t  

suppor t  basic phys ic s .  Our response t o  t h e  f i r s t  would be 

t h a t  it i s  v a l i d  r e s e a r c h  p r e c i s e l y  because w e  are n o t  s u r e  

it w i l l  be  u s e f u l  t o  b u i l d  hardware. And secondly,  t h e r e  

i s  an i n t e r e s t i n g  phys ica l  p r i n c i p l e  he re  which may be ap- 

p l i c a b l e .  Our e f for t  is  goa l  o r i e n t e d  i n  t h a t  w e  a t tempt  

t o  b r i n g  t h e  p r i n c i p l e  t o  a c o n t r o l  a p p l i c a t i o n .  The p r in -  

c i p l e  i s  n o t  be ing  examined simply because of i t s  i n t r i n s i c  

i n t e r e s t .  

The work on p a t t e r n  r ecogn i t ion  us ing  coherent  o p t i c a l  

t echniques  i s  proceeding w e l l  and c e r t a i n  r e s u l t s  are in -  

c luded i n  t h i s  r e p o r t ,  

The e f f o r t  on t h e  human o p e r a t o r  c o n t r o l  problem has  

gone i n t o  h igh  gear .  P r i o r  t o  t h i s  p e r i o d  Jackson and h i s  

t e a m  were complet ing work i n  t h i s  a r e a  on an NSF c o n t r a c t ,  

the f i n a l  r e p o r t  of which i s  enclosed.  Jackson and h is  group 

have no f u r t h e r  r e s p o n s i b i l i t y  t o  NSF and w i l l  be  devot ing  

a l l  t h e i r  e f f & t s  t o  t h i s  OCTA r e s e a r c h ,  W e  b e l i e v e  that  

t h i s  arrangement has  r e s u l t e d  i n  a c o s t  e f f e c t i v e  approach 

i n  which OCTA has  had the advantage of  t a k i n g  over a r e s e a r c h  

e f f o r t  a t  i t s  p o i n t  of maximum e f f e c t i v e n e s s  and w i t h  no 

s t a r t i n g  t r a n s i e n t  involved. 



MUSCULAR 

* 
I. I n t r o d u c t i o n  

COORDINATION AND MULTI-DEGFSE OF 

FREEDOM CONTROL SYSTEMS 

I n  o u r  F i r s t  Q u a r t e r l y  Progress  Report ( Ju ly  3 0 ,  1 9 6 9 )  

a se t  of hand-derived equa t ions  f o r  t h e  v e l o c i t y  components of 

t h e  t runk ,  t h i g h ,  shank, f o o t ,  upper arm, forearm, and head of 

t h e  seven element  s t i c k  man of F igure  1 was presented .  Future  

work w a s  t o  have been devoted t o  f i n d i n g  a d i g i t a l  computer 

method f o r  r e l i a b i l y  c a r r y i n g  o u t  t h e  formation of  the expres-  

s i o n s  f o r  t h e  k i n e t i c  and p o t e n t i a l  e n e r g i e s  and t h e  d i f f e r e n -  

t i a t i o n  o p e r a t i o n s  r e q u i r e d  t o  o b t a i n  the equat ions  of motion 

us ing  Lagrange 's  equa t ions .  

T h i s  work has  been completed, and a d i g i t a l  s imu la t ion  

based on t h e s e  equa t ions  i s  now under development. Pre l iminary  

r e s u l t s  from t h i s  s imula t ion  a r e  presented  i n  t h i s  r e p o r t .  

A f t e r  a s h o r t  summary of t h e  progress  t o  d a t e  under t h i s  

c o n t r a c t ,  t h e  p r i o r  work and concepts  t h a t  f o r m  a con tex t  w i t h i n  

which t h e  p r e s e n t  r e s e a r c h  i s  viewed w i l l  be presented ,  and t h e  

t a s k s  t h a t  must be c a r r i e d  o u t  t o  provide a s a t i s f a c t o r y  con- 

c l u s i o n  t o  t h i s  work w i l l  be o u t l i n e d .  

An estimate of t h e  a r e a s  i n  which d iscovery  of c o n t r o l  

p r i n c i p l e s  u s e f u l  t o  NASA seems proba-ble i s  provided. I t  i s  

hoped t h a t  t h i s  s e c t i o n  w i l l  s e r v e  t o  c l a r i f y  t h e  r e l a t i o n s h i p  

of our  r e s e a r c h  t o  t h e  concerns and goa l s  of NASA/ERC. 

4 
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I 

A'more detailed presentation of the symbolic programming 

techniques used and the results obtained, followed by an 

estimatk of the direction work will take in the immediate 

futhre, completes this chapter. 
1 

11. Summary of Progress to Date 

1. 

2. 

3 .  

4 .  

Derivation of the full nonlinear equations of motion 

of the seven-element stick man (Figure 1 and 

Figure la) has been completed with the use of a 

digital symbolic processing language (FORMAC) . 
Small angle approximations have been made leading to 

a linearized model suitable for small deviations 

from equilibrium. 

This small angle model has been simulated digitally, 

and is producing preliminary results which are being 

used to verify the validity of the equations of motion. 

Results from this simulation appear later in this 

report. 

Experimentation to date has been with. an idealized 

form of control law, with each joint torqued propor- 

tional to the joint angular deflection and proportional 

to the joint angular rate. It should be noted care- 

fully that we make no assertion that this is the form 

of control law actually used by human beings; this 

control law is being used merely for convenience in 

debugging the small angle simulation. 
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Figure 1. GENERA1,IZE:D COGR1)IPiATES 
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5. P r o f e s s o r  J. C. H i l l  p r e sen ted  a paper a t  t he  1 9 6 9  

1 .E-E .E .  Systems Science and Cybernet ics  Conference 

(October 22-24 ,  1 9 6 9 ;  P h i l a d e l p h i a )  i n  which t h e  

a n a l y s i s  and the  r e s u l t s  p r e s e n t l y  developed under 

t h i s  c o n t r a c t  w e r e  p resented .  A r e p r i n t  of t h i s  

paper  i s  appended t o  t h i s  chap te r ,  

111. Background 

I n  view of t h e  complexity of  t h e  non l inea r  equa t ions  of 

motion t h a t  have r e s u l t e d  from t h i s  a n a l y s i s ,  it i s  d e s i r a b l e  

t o  review t h e  c o n t e x t  i n  which the  work i s  viewed. Accordingly,  

t h e  background l e a d i n g  t o  t h i s  p a r t i c u l a r  problem w i l l  be d i s -  

cussed. Next t h e  hypotheses  t h a t  d i f f e r e n t i a t e  t h i s  work from 

others i n  t h e  f i e l d  w i l l  be d iscussed .  F i n a l l y  the  broad 

o u t l i n e  of  t h i s  research program i n  Biomechanics w i l l  be given. 

Multi-Degree of Freedom S y s t e m s  

F i r s t ,  it should  be c l e a r l y  i n  mind t h a t  our  i n t e r e s t  i s  

i n  t h e  c o n t r o l  of  multi-degree-of-freedom systems,  and n o t  i n  

t h e  dynamics of  a s p e c i f i c  system t o  be c o n t r o l l e d  p e r  se. Many 

examples of  mult i -degree of  freedom systems o f  cons ide rab le  

t e c h n o l o g i c a l  importance can be c i t e d .  Businesses  r e c e i v e  o r  

acqu i r e  as i n p u t s  many types  of r a w  mater ia ls ,  i n c l u d i n g  people ,  

and produce as o u t p u t s  a wide v a r i e t y  of f i n i s h e d  goods. A 

modern petroleum r e f i n e r y  i s  a dehumanized v e r s i o n  of the  same 

example. A m i s s i l e  guidance and c o n t r o l  system r e c e i v e s  i n p u t s  

from a v a r i e t y  of s e n s o r s ,  i n c l u d i n g  perhaps radars,  i n e r t i a l  
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pla t forms ,  and t e r m i n a l  tracking- dev ices ,  and i s  supposed t o  

coord ina te  t h e  motion of  c o n t r o l  s u r f a c e s  and/or o t h e r  a t t i t u d e  

c o n t r o l l i n g  dev ices  t o  steer t h e  m i s s i l e  t r a j e c t o r y  through a 

d e s i r e d  p o i n t  i n  space,  such as a t a r g e t  or  an o r b i t a l  i n s e r t i o n  

p o i n t .  Load and d i s t r i b u t i o n  schedul ing  i n  a l a r g e  i n t e r -  

connected e lectr ical  power gene ra t ion  and d i s t r i b u t i o n  system 

i s  a problem of much t h e  same kind.  

Therefore ,  b a s i c  c o n t r o l  p r i n c i p l e s  and techniques de- 

veloped f o r  and d iscovered  i n  one mult i -degree of freedom 

a p p l i c a t i o n  have a h igh  p r o b a b i l i t y  of f i n d i n g  a p p l i c a t i o n  i n  

o t h e r s .  

I t  i s  a c h a r a c t e r i s t i c  of t h e  t i m e s  t h a t  complex c o n t r o l  

systems des ign  and a n a l y s i s  techniques ,  l a r g e l y  developed i n  

and by t h e  aerospace d i s c i p l i n e ,  a r e  be ing  app l i ed  wi th  v i g o r  

i n  these o t h e r  areas. The theme of  t h e  1969 I .E.E.E.  Systems 

Scj-ence and Cyberne t ics  Conference.was t h e  Modeling and Control  

of Natura l  Systems, which va r ious  au tho r s  cons t rued  a s  meaning 

s o c i o l o g i c a l  systems ("Modeling of  Criminal  J u s t i c e  System 

Operat ions:  An  Overview" by R. C. Larson, M . I . T . )  , n a t u r a l  

resource  systems ("Herd Management and Modern Control  Theory" 

by R. L. B a e r ,  U. of Pennsylvania) ,  l e a r n i n g  systems, economic 

systems,  b i o l o g i c a l  systems, p o l i t i c a l  systems ("Urban P o l i t i c a l  

Simulat ion" by Whitehed and Smi th ) ,  p a t t e r n  r e c o g n i t i o n ,  and 
_._ 

a c a p t i v e  systems. 

Although some of these "appl ica t i .ons"  appeared t o  t h i s  

a t t e n d e e  t o  be misd i r ec t ed ,  a s  an i n d i c a t i o n  of t h e  1eanin.gs of 
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a growing segment of t h e  systems science f r a t e r n i t y ,  t h e  

i m p l i c a t i o n  i s  obvious:  modern c o n t r o l s  r e sea rch  i s  being 

d i r e c t e d  towards t h e  s tudy  of more and more 'complex systems 

wi th  less and less well-def ined performance i n d i c e s .  

Ver t eb ra t e  P o s t u r a l  Control  

It  i s  g e n e r a l l y  agreed by workers i n  t h e  f i e l d  t h a t  t h e  

prime example of s u c c e s s f u l  f l e x i b l e  coord ina t ion  of a mul t i -  

degree of freedom system i s  t h e  v e r t e b r a t e  p o s t u r a l  c o n t r o l  

system, where t h e  t e r m  p o s t u r a l  c o n t r o l  a s  used by t h e  phys io l -  

o g i s t  r e f e r s  t o  a11 examples of muscular coord ina t ion  used t o  

c o n t r o l  t h e  mechanical  p o s i t i o n  of l i m b s ,  t r u n k ,  etc.  Thus, 

p o s t u r a l  c o n t r o l  r e f e r s  t o  s k e l e t a l  muscle systems a s  opposed t o  

d i g e s t i v e  musculature ,  t h e  diaphragm, and t h e  l i k e .  

I t  i s  our  b a s i c  t h e s i s  t h a t  much can be l ea rned  about  t h e  

c o n t r o l  of t e c h n o l o g i c a l  mult i -degree of  freedom systems by 

s tudying  t h e  p r i n c i p l e s  t h a t  Nature has  developed f o r  t h e  v e r t e -  

b r a t e  p o s t u r a l  c o n t r o l  system. I n  a d d i t i o n ,  t h e  v e r t e b r a t e  

p o s t u r a l  c o n t r o l  system i s  worthy of s c i e n t i f i c  i n v e s t i g a t i o n  i n  

i t s  own r i g h t .  

Overview of P r i o r  Work on P o s t u r a l  Control  

A review of t h e  work t h a t  has  been d i r e c t e d  toward t h e  

goa l  of understanding t h e  human p o s t u r a l  c o n t r o l  s y s t e m  l e a d s  t o  

t h e  concl..usion t h a t  t h e  work may be grouped i n t o  f i v e  a r e a s  

(see a t t a c h e d  paper  by J. C. H i l l  (Appendix I) : 

F. "Analyt ic  Representa t ion  of t h e  Force-Veloci ty  Charac- 

t e r i s t ics  of Muscle T i s s u e .  [1-8] Aimed toward 
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c h a r a c t e r i z i n g  human muscle t i s s u e  as an a c t u a t o r ,  

t h i s  work d a t e s  back a t  l eas t  t o  1935, w i t h  Mi lhorn ' s  

account  of Houk's work a r e c e n t  example. This  work 

h a s  been c a r r i e d  o u t  p r i m a r i l y  by b i o l o g i s t s  and 

p h y s i o l o g i s t s ,  w i th  eng inee r ing  a r e l a t i v e  newcomer on 

t h e  scene .  

*Phys io log ica l  Sensor  Models. [l, 2 ,  9-11 ,  201 

Exemplif ied by t h e  work of Miery and Young on t h e  human 

v e s t i b u l a r  system and t h e  work on t h e  muscle s p i n d l e  

r e c e p t o r  by Houk, G o t t l i e b ,  Agarwal, and S t a r k ,  t h i s  work 

i s  aimed a t  developing t r a n s f e r  f u n c t i o n s  f o r  t h e  b a s i c  

s enso ry  elements  t h a t  serve t o  in s t rumen t  t h e  h.ilman "air-  

f r a m e . "  This  area has  been developed by and for e n g i n e e r s ,  

and i s  comparat ively r e c e n t .  

D 

*Human Opera tor  S t u d i e s .  [12-191 Although p h y s i o l o g i c a l  

s enso ry  mechanisms are involved  i n  t h i s  work a l so ,  t h e  

emphasis i s  less on modeling t h e  sensory  o rgans  t h a n  it 

i s  on us ing  such  models as a guide  t o  t h e  performance of  

t h e  human o p e r a t o r  i n  t r a c k i n g  and o t h e r  c o n t r o l  t a s k s .  

An e x t e n s i v e  c h a i n  of development by McRuer, Graham, 

Magdeleno, S h i r l e y  and Young, Adams, and Jackson has  

s e r v e d  t o  d e f i n e  and develop t h i s  area over  t h e  p a s t  t e n  

y e a r s .  The o u t p u t  of t h e s e  s t u d i e s  are t y p i c a l l y  

d e s c r i b i n g  f u n c t i o n s  e x p l a i n i n g  t h e  behavior  o f  t h e  human 

o p e r a t o r  as  a f u n c t i o n  of ampli tude and frequency;  hence 

a r a t h e r  a b s t r a c t  view of  h i s  behavior  i s  t aken  based on 
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experimental data, and the emphasis is normally on 

emperical description of psychological or perceptual 

factors rather than on mechanical system properties per 

se. 

*Quadruped Locomotion. [21-291 A distinct niche in this 

grouping is occupied by the work of McGhee and Tomovic. 

If an analogy may be drawn to aerospace applications, 

the work discussed thus far has been concerned with 

control, whereas McGhee has successfully split off a 

pure guidance problem from the complex phenomena involved 

in locomotion. In McGhee's work, the dynamic aspects of 

the problem are suppressed, and concern is centered on 

the entirely kinematic question of what configuration 

should be assumed by the extremeties as a function of time 

if walking, crawling, running, and other gaits are to 

result. 

*Postural Control. [l, 2, 51 The work of Houk attempts to 

integrate the data on muscle force-velocity characteristics 

with data on the muscle spindle receptor to develop 

equations describing the behavior of an agonist-antagonist 

muscle pair acting against a pure inertia load. Hoilk's 

experimentation was carried out on the human wrist rotation 

system, and led to the block diagram shown here as 

Figure 2. 

Muscular Coordination 

If one wishes to understand human muscular coordi.n.ation as 
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an example of an e x a c t i n g  mult i -degree of  freedom c o n t r o l  system, 

it seems improbable t h a t  much w i l l  be l e a r n e d  about  it from a 

s tudy  of  F igu re  2 and i t s  under ly ing  p r o c e s s e s ,  f o r  t h e  coordina-  

t i o n  involved  i n  t h e  w r i s t  r o t a t i o n  system i s  of a very  rud ixen ta ry  

sor t .  The r u l e  might  be s t a t e d  as:  Most of t h e  t i m e  both t h e  

a g o n i s t  and t h e  a n t a g o n i s t  should no t  both be e x c i t e d  -- d o n * t  

push and p u l l  a t  t h e  same t i m e .  The c o o r d i n a t i o n  involved  i s  

analogous t o  t h a t  r e q u i r e d  o f  t h e  o u t p u t  t r a n s i s t o r s  i n  a push- 

p u l l  audio  a m p l i f i e r .  Because t h e  muscles are bas i ca l ly  

c o n t r a c t i l e  force-producing e lements ,  t hey  must be  a r ranged  i n  

p a i r s  i n  order t o  produce b i p o l a r  t o rques  around a j o i n t .  Hence 

a w o r t h w h i l e  deg ree  o f  muscular c o o r d i n a t i o n  w i l l  occu r  on ly  i n  

a system w i t h  m s r e  t h a n  one j o i n t  t o  be to rqued ,  

The s t i c k  man w e  are s tudy ing  has s i x  j o i n t s  t o  be torqued ,  

t h e  w r i s t  r o t a t i o n  system has on ly  one; i s  there no middle 

ground? Y e s ,  there i s ,  and  t h e  a r e a  i s  p r e s e n t l y  be ing  r e sea rched  

by Gal iana ,  [6], who s t u d i e s  t h e  dynamic a s p e c t s  of l e g s  i n  

b iped  locomotion. The model has t w o  degrees  o f  freedom, t h e  

h i p  and t h e  knee  a n g l e s ,  and i s  f o r c e d  by t h e  h i p  and knee 

to rques .  W e  f e l t  t h a t  r e p e t i t i o n  of G a l i a n a ' s  work would be j u s t  

t h a t ,  i . e . ,  r e p e t i t i v e ,  and therefore chose a more complex model, 

(which, however, w e  are a t t a c k i n g  from a s o m e w h a t  d i f f e r e n t  

d i r e c t i o n  w i t h  d i f f e r e n t  g o a l s ) .  

Thus G a l i a n a ' s  and o u r  work may be c h a r a c t e r i z e d  as an 

a t t empt  t o  g e n e r a l i z e  t h e  work of Houk i n  t w o  d i r e c t i o n s  -- f i r s t ,  

i n c r e a s i n g  t h e  number of  j o i n t s ,  and second, ex tending  t h e  load  
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opera t ed  on by t h e  j o i n t  musculature  away f r o m  Houk's pure  

i n e r t i a  assumption towards more r ea l i s t i c  load dynamics -- i n  

p a r t i c u l a r ,  t o  a manageable segment of t h e  human frame, a l l  i n  

t he  hope t h a t  something can be Learned about  the  p r i n c i p l e s  of 

muscular c o o r d i n a t i o n  f r o m  a n a l y s i s  of the r e s u l t i n g  models. 

Dynamics of t h e  Human Frame 

The i m p l i c i t  assumption under ly ing  the desire t o  s tudy  

t h e  complex model of t h e  human frame proposed i s  t h a t  i f  i n s i g h t  

i s  t o  be gained i n t o  N a t u r e ' s  p r i n c i p l e s  of muscular coordina-  

t i o n ,  s o m e  a p p r e c i a t i o n  of t he  c o n t r o l  problem s h e  faces must 

be acqu i red ,  i . e . ,  w e  must s tudy  t h e  dynamics of t h e  systems 

Nature c o n t r o l s  so w e l l ,  I t  s e e m s  u n l i k e l y  t h a t  s h e  would 

develop a s o p h i s t i c a t e d  c o n t r o l  p r i n c i p l e  t h a t  w e  would f i n d  

u s e f u l  i n  t e c h n o l o g i c a l  mult i -degree of freedom systems i n  o r d e r  

t o  p o s i t i o n  a pure  i n e r t i a  load. 

T a s k s  

I n  c a r r y i n g  o u t  t h i s  s tudy ,  w e  propose t o  fo l low a systems 

approach t o  the  c o n t r o l  of a complex dynamics system, which may 

be d iv ided  i n t o  t h e  fo l lowing  t h r e e  b a s i c  s t e p s :  

1. 

2. 

3 .  

Derive t h e  equa t ions  o f  motion, t r a n s f e r  f u n c t i o n s ,  

e t c , ,  of t h e  basic system t o  be control . led;  

Augment t h i s  model w i t h  a mathematical  d e s c r i p t i o n  

of t h e  s e n s o r s  t o  be  used t o  measure c e r t a i n  a s p e c t s  

of t h e  s t a t e  of t h e  system (e .g . ,  feedback p o t s ,  

t achometers ,  i n e r t i a l  p l a t f o r m s ,  e t c . )  

I n v e s t i g a t e  ways t o  c o n t r o l  t h e  system u t i l i z i n g  

t h e  s i g n a l s  provided by t h e  s e n s o r s .  
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S t e p  I: B a s i c  System Dynamics 

I t  i s  i n s t r u c t i v e  t o  examine what one has  achieved  a f t e r  

completion of  each o f  t h e  above s t e p s .  T r e a t i n g  t h e  j o i n t  

ang le s  and t h e i r  d e r i v a t i v e s  as s t a t e  variables xi and t h e  j o i n t  

t o rques  as y e t  to be s p e c i f i e d  i n p u t s  ui, t h e  equa t ions  of motion 

would be of t h e  form 

i n  s t a n d a r d  s t a t e  v a r i a b l e  n o t a t i o n .  Given a t i m e  h i s t o r y  of 

t h e  muscle t o r q u e s  

' u = 2 ( t )  
u 

t h e  motion o f , t h e  system i n  response  t o  t h o s e  to rques  can be 

p r e d i c t e d  from t h e  s o l u t i o n  of t h e  h igh ly  n o n l i n e a r  equa t ion  (1). 

However, t h e  model o f  equa t ion  (1) cannot  be expe r imen ta l ly  

compared w i t h  r e a l i t y ,  f o r  it i s  d i f f i c u l t  t o  g e t  a human 

s u b j e c t  t o  respond i n  a c o n t r o l l e d  to rque  manner, p a r t i c u l a r l y  i n  

n i n e  deg rees  o f  freedom. I n  t h e  human, t h e  muscle t o r q u e s  are 

not p r e s c r i b e d  o r  c o n t r o l l e d  as e x p l i c i t  f u n c t i o n s  of t i m e  as 

i n  equa t ion  ( 2 ) ,  b u t  are determined i m p l i c i t l y  by t h e  form of 

unknown c o n t r o l  l a w s ,  whose n a t u r e  it i s  t h e  purpose o f  ou r  

s tudy  t o  determine.  The r e s u l t s  of  s t e p  1 on ly  do n o t  appear  

d i r e c t l y  v e r i f i a b l e  expe r imen ta l ly  wi thou t  resor t  t o  drugs and/or 

su rge ry .  
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Step 2: Sensor Dynamics 

Moving now to step 2 ,  a great deal of information on the 

sensory I mechanisms available to the human control system has 
been developed by other workers. Houk's work on the stretch 

reflex [ 2 ]  and the work of Gottlieb, Agarwal, and Stark [ll] on 

stretch receptor models provide a satisfactory indication of 

the basic properties of joint angle sensors; the basic conclusion 

is that (from Gottlieb, Agarwal., and Stark) the form of the rate 

of afferent nerve firing X is related to the muscle spindle 

receptor length XM and force F 

form 

by a transfer relation of the M 

s + a  1 
1 1 M 1 1 X + K2 

( s  + -) ( s  + -) ( s  + -) ( s  t. -) 1 X = k  

T1 T2 T1 T2 

From quick-stretch experimental data on cat muscle 

in equation (3) were reported as 

83.4(s + 3.55)  3200 = 
( s  + 1 8 2 )  (s + 16.7) 'M i- ( s  + 1 8 2 )  ( s  + 16 .7 )  

the parameters 

FM (4) 

The presence of the zero in the first term of (4) is of interest, 

for it indicates that at low frequencies the rate of nerve firing 

is proportional to a linear combination of muscle length and rate 

of change of muscle length; extrapolating to what would be 

expected as the net effect of an agonist-antagonist muscle pair, 

we would expect feedback signals proportional to joint angular 

rate. The muscle spindle receptor is a tachometer of sorts. We 
.__ 
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make the assumption,  based on i t s  reasonableness  from a c o n t r o l  

systems p o i n t  of view, t h a t  each j o i n t  i n  t h e  human p o s t u r a l  

c o n t r o l  system i s  instrumented by a sensor  whose equa t ions  are 

of t h e  form of equa t ion  (3) ; t h e  ga ins  and t i m e  consta.nts may 

vary from j o i n t  t o  j o i n t ,  b u t  t h e  form i s  i n v a r i a n t .  There 

appears  t o  be no d i r e c t  phys io log ica l  d a t a  suppor t ing  such a 

g ross  g e n e r a l i z a t i o n ,  nor  i s  t h e r e  l i k e l y  t o  be i n  t h e  reasonably 

near  f u t u r e .  

Turning now t o  senso r s  measuring dynamic v a r i a b l e s  of a 

h ighe r  o r d e r ,  t h e  work of Miery and Young [9 ,  101 on t h e  human 

v e s t i b u l a r  system provide  b a s i c  in format ion  on t h e  p r i m a r i l y  

i n e r t i a l  q u a n t i t i e s  measured by t h i s  appara tus  and t h e  t r a n s f e r  

func t ions  from sensory  in-pt t o  sensory ou tpu t .  The r e s u l t  i s  

t h a t  t h e  s e m i c i r c u l a r  cana l s  measure a n a u l a r  a c c e l e r a t i o n s  a lona  

t h r e e  mutual ly  a thogonal  axes ,  and t h a t  t h e  o t o l i t h i c  organs are 

v e c t o r i a l  l i n e a r  a c c e l e r a t i o n  senso r s .  

F i n a l l y ,  t h e  informat ion  provided by t h e  v i s u a l  sense must 

be i n t e g r a t e d  i n t o  t h e  c o n t r o l  system; what l i t t l e  direct  

knowledge (from t h e  c o n t r o l s  p o i n t  of view) i s  known about  t h i s  

s u b j e c t  i s  r epor t ed  by Miery, w i t h  f r i n g e  b e n e f i t s  occu r r ing  

from s c a t t e r e d  s t a t emen t s  i n  t h e  human o p e r a t o r  l i t e r a t u r e .  

The p a r a l l e l s  between t h e  types  of s enso r s  w e  have d i s -  

cussed h e r e  and t h e i r  aerospace e q u i v a l e n t s  i s  s t r i k i n g ;  t h e  

cha l lenge  now i s  t o  i n t e g r a t e  t h e i r  o u t p u t s  i n t o  a c p n t r o l  system 

capable  of mimicking some n o n - t r i v i a l  a s p e c t  of human behavior .  

Assuming now t h a t  s t e p  2 has  been completed,  w e  are now i n  

possess ion  of a mathematical  model of t h e  fo l lowing  form: 



Equation (5 )  d e s c r i b e s  t h e  p l a n t  dynamics; equat ion  ( 6 )  d e s c r i b e s  

t h e  sensory  dynamics, and w e  t h e r e f o r e  have a completely 

instrumented ‘Ihuman” a t  our  d i s p o s a l .  The s t i c k  man dynamics 

has  provided a framework w i t h i n  which t h e  a v a i l a b l e  sensory 

dynamic knowledge can be i n t e r p r e t e d ;  t h e  muscles torque  t h e  

frame, t h e  frame responds,  and depending on i t s  motion, t h e  

senso r s  provide o u t l e t s .  

S t e p  3: The Control  Law 

What i s  now missing i s  s t e p  3, t h e  rea l  o b j e c t  of our  

r e sea rch :  a c o n t r o l  l a w  t h a t  w i l l  make the  muscle to rques ,  u ,  

dependent on t h e  senso r  o u t p u t s  y and a s ta tement  ( i n  some as 

y e t  unknown form) of what t h e  system i s  t o  do. This l a s t ,  a 

g e n e r a l i z a t i o n  of the  command i n p u t  i n  a convent iona l  c o n t r o l  

system, appears  t o  be a r e a l  conceptual  d i f f i c u l t y  a t  t h e  p r e s e n t  

t i m e .  How does one i n s t r u c t  t h e  s imula t ion  t o  s t a n d ,  l i f t ,  w a l k ,  

jump, s i t ,  o r  do deep knee-bends wi thout  o v e r - s t r u c t u r i n g  i t s  

responses? I t  is proposed t o  a t t a c k  t h i s  problem g radua l ly ,  

beginning by ask ing  t h e  system t o  recover  i t s  balance from an 

i n i t i a l l y  d i s t u r b e d  p o s i t i o n ,  and p rogres s ing  t o  more complex 

t a s k s  as more i s  l ea rned  of t h e  sys tem’s  behavior  from i t s  

performance on lower l e v e l  tasks.  



The b a s i c  p o i n t  i s  t h a t  completion of s t e p s  1 and 2 have 

provided a computer s imula t ion  t h a t  can p r e d i c t  t h e  consequences 

of  any hypothesized form of c o n t r o l  law. Simulat ion of a pro- 

posed law w i l l  y i e l d  r e s u l t s  t h a t  a r e  d i r e c t l y  comparable wi th  

exper imenta l  d a t a  t aken  on human s u b j e c t s  performing t h e  same 

tasks, a f f o r d i n g  t h e  oppor tuni ty  t o  i t e r a t e  t h e  c o n t r o l  law t o  

improve agreement.  

A s  long  a s  t h e  experiments  performed may be d i r e c t l y  com- 

pared wi th  exper imenta l  d a t a ,  our  model w i l l  be  "kep t  hones t"  

i n  t h e  most d i rect  way p o s s i b l e :  agreement w i t h  t h e  system 

be ing  modeled. 

Cont ro l  P r i n c i p l e s  

A t  t h e  p r e s e n t  s t a g e  of t h i s  r e s e a r c h ,  i t  i s  impossible  t o  

s t a t e  w i th  any degree  of c e r t a i n t y  what c o n t r o l  p r i n c i p l e s  w i l l  

r e s u l t  from t h e  s t u d i e s .  However, a few p o s s i b i l i t i e s  appear  

probably enough t o  warran t  f u r t h e r  d i s c u s s i o n :  

*Load R e l i e f :  A b a s i c  p rope r ty  of t h e  human p o s t u r a l  

c o n t r o l  system i s  t h a t  on occas ion  it q u i t s  t r y i n g .  I f ,  i n  

a t t empt ing  t o  c a r r y  o u t  t h e  d e s i r e d  maneuvers, it i s  i n  danger 

o f  damaging t h e  muscle and/or bone s t r u c t u r e s  involved ,  sudden 

r e l a x a t i o n  r e s u l t s .  This  " l i v e  t o  f i g h t  another  day" s t r a t e g y  

i s  n o t  commonly encountered i n  t echno log ica l  c o n t r o l  systems,  

whose performance i s  more u s u a l l y  l i m i t e d  by a v a i l a b l e  power 

l i m i t a t i o n s  r a t h e r  t h a n  by s t r u c t u r a l  s t r e n g t h  l i m i t a t i o n s .  

Three excep t ions ,  however, a r e  modern high-performance a i r c r a f t ,  

where g - l imi t ing  i s  used; l a r g e  f l e x i b l e  launch v e h i c l e s ,  where 
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t h e  c o n t r o l  

mode du r ing  

e x p l o r a t i o n  

system may func t ion  i n  a 

p a r t  of the  boos t  phase; 

bending stress a l l e v i a t i o n  

and remote manipulat ion and 

machines,  where single-minded performance of a 

s p e c i f i e d  t a s k  by b r u t e  f o r c e  may be d i s a s t r o u s  i f  unexpected 

o b s t a c l e s  are encountered.  All t h r e e  of  t h e s e  examples are 

c l e a r l y  of i n t e r e s t  t o  NASA. How, f o r  example, can one des ign  

i n t o  a l u n a r  e x p l o r a t i o n  v e h i c l e  the a b i l i t y  t o  dec ide  t o  r o l l  

down ( tumbling)  a r a v i n e  and then g e t  up a t  t h e  bottom a s  opposed 

t o  f i g h t i n g  d e s p e r a t e l y  t o  remain u p r i g h t  a t  t h e  c o s t  of 

f r a c t u r i n g  some c r i t i ca l  e l emen t?  Although r a t h e r  f a r  away i n  

t e r m s  of p r e s e n t  knowledge, understanding of t h i s  complex 

e x t r a p o l a t i v e  d e c i s i o n  process  i s  a worthwhile even tua l  goa l .  

"Ant ic ipa t ion :  Cursory examination of t h e  s i m p l e s t  common 

examples of  muscular coord ina t ion  l ead  t o  t h e  conclusion t h a t  

a n t i c i p a t i o n  i s  i n t i m a t e l y  r e l a t e d  t o  load  r e l i e f .  A c h i l d  

jumping o f f  of  a c h a i r  l e a r n s  t h a t  it must n o t  h i t  t h e  f l o o r  i n  

t h e  completely erect  p o s i t i o n  -- unacceptably l a r g e  stresses 

r e s u l t  i f  it does.  Therefore ,  sometime p r i o r  t o  impact,  t h e  frame 

tends  towards an "everywhere b e n t "  conf igu ra t ion  t h a t  t h e  c h i l d  

has  probably l ea rned  from exper ience  minimizes something -- the  

index of performance may be " m i n i m i z e  enerqy expended s u b j e c t  t o  

the  c o n s t r a i n t  of s u r v i v a l " ,  o r  some r e l a t e d  c r i t e r i o n .  A t  t h e  

i n s t a n t  of  impact,  t h e  l e g s  a r e  a l r eady  be ing  drawn toward t h e  

t runk  i n  an e f f o r t  t o  c o n t r o l  t h e  peak loads  exe r t ed  on t h e  f e e t  

and t o e s ;  i . e . ,  t h e  forthcoming impact  i s  a n t i c i p a t e d ,  n o t  pu re ly  

responded t o .  The i n t e r e s t i n g  q u e s t i o n  i s  through p r e c i s e l y  
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what s e n s e s  t h i s  i s  c a r r i e d  o u t  -- v i s u a l ,  t a c t i l e ,  o r  i n e r t i a l ,  

or  perhaps a n o n t r i v i a l  combination o f  t h e  t h r e e  -- c l e a r l y  

i n t e r e s t i n g  and in fo rma t ive  experiments  comparing s i m u l a t i o n  

r e s u l t s  t o  rea l  d a t a  could be  c a r r i e d  o u t  a long  t h e s e  l i n e s .  

*Sensory Depr iva t ion :  I n  any g iven  experiment ,  t h e  

s i m u l a t i o n  may e a s i l y  be  depr ived  of one o r  more of i t s  sensory  

channels ,  and p r e d i c t i o n s  o f  t h e  e f f e c t  of a corresponding loss  

on t h e  human (perhaps  an a s t r o n a u t )  could  be made. C e r t a i n  of 

t h e s e  r e s u l t s  could  be  e a s i l y  v e r i f i e d  exper imenta l ly .  A t  

least  t h e  v i s u a l  system may be  e a s i l y  i n a c t i v a t e d  i n  a human 

s u b j e c t .  

" I n c i p i e n t  Tipping: A pe r son ,  asked t o  remain erect a t  

a g iven  l o c a t i o n ,  i s  given a series o f  h a r d e r  and h a r d e r  pushes.  

For weak pushes h e  i s  a b l e  t o  keep h i s  ba l ance  wi thou t  moving 

h i s  feet ,  b u t  as t h e  i n t e n s i t y  of t h e  pushes i n c r e a s e ,  a p o i n t  

i s  e v e n t u a l l y  reached where he  t a k e s  one o r  m o r e  hops forward 

(assuming a f ee t  t o g e t h e r  c o n s t r a i n t  i s  imposed) ,  r e g a i n s  h i s  

ba l ance ,  and hops backwards t o  t h e  d e s i r e d  s p o t .  I f  o b s t a c l e s  

are p r e s e n t ,  g r e a t  v e r s a t i l i t y  i n  t h e  l e n g t h  and t r a j e c t o r i e s  

followed d u r i n g  each  hop can r e s u l t .  This  i s  an extremely 

i n t e r e s t i n g  behavior  p a t t e r n ;  it could have g r e a t  a p p l i c a b i l i t y  

t o  o f f - road  v e h i c l e s ,  i n  p a r t i c u l a r .  Again, on what s e n s e s  does 

t h i s  c a p a b i l i t y  depend? Can it be mimicked t o  a lower b u t  s t i l l  

t e c h n o l o g i c a l l y  u s e f u l  l e v e l ?  

All of  t h e  above-mentioned n o n - c l a s s i c a l  c o n t r o l  problems 

may be s t u d i e d  v i a  t h e  approach p r e s e n t l y  be ing  fol lowed.  I n  
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t h e  nex t  s e c t i o n ,  p r o g r e s s  i n  c a r r y i n g  o u t  t h e  i n d i c a t e d  program 

w i l l  be  p re sen ted .  

I V .  P rog res s  

A s  i n d i c a t e d  i n  t h e  F i r s t  Q u a r t e r l y  P rogres s  Repor t ,  

exp res s ions  f o r  t h e  k i n e t i c  and p o t e n t i a l  e n e r g i e s  of t h e  s t i c k  

man of F igu re  1 become so  complex t h a t  re l iab le  hand c a l c u l a t i o n  

of t h e s e  e x p r e s s i o n s  becomes hopeless .  P re l imina ry  s tudy  of 

s e v e r a l  computer programs i n d i c a t e d  t h a t  t h e  FORMAC pre-compiler 

f o r  PL-1 could  c a r r y  o u t  t h e  r e q u i r e d  symbolic manipula t ions .  

An IBM 3 6 0 / 6 5  w i t h  t h i s  pre-compiler  as p a r t  of  i t s  program 

l i b r a r y  w a s  l o c a t e d  a t  t h e  General Motors Technica l  Center  i n  

Warren, Michigan. This  computer w a s  equipped w i t h  one m i l l i o n  

b y t e s  of r a p i d  access core s t o r a g e ,  and s u r p r i s i n g l y ,  it tu rned  

o u t  t h a t  t h e  p r e s e n t  problem r e q u i r e d  it a l l .  Symbolic a l g e b r a i c  

p rocesso r s  a p p a r e n t l y  need f a n t a s t i c  amounts of core. 

The FORMAC program w e  developed (see Appendix 11) c a r r i e d  

o u t  a l l  t h e  o p e r a t i o n s  needed t o  d e r i v e  Lagrange 's  equa t ions  i n  

t h e  form 

i = 1,2, ..., 9 (7) 

i n c l u d i n g :  

1. Genera t ion  of a n a l y t i c  expres s ions  fo r  T and V. 

2 .  A n a l y t i c  p a r t i a l  d i f f e r e n t i a t i o n  o f  t h e s e  expres s ions  

t o  g e n e r a t e  
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av I_ aT 
aQi aqi a q i  

I -  I and - . 

3 .  Analy t i c  t o t a l  d i f f e r e n t i a t i o n  of t h e  expres s ion  

- a T  wi th  r e s p e c t  t o  t i m e ,  gene ra t ing  t h e  t e r m  
a4, 

The gene ra l i zed  f o r c e s  Q w e r e  de r ived  by hand c a l c u l a t i o n .  i 
The FORMAC source  program (see Appendix 11) w a s  over  300 

s t a t emen t s  long  and produced 200  pages of symbolic ou tpu t ;  

t h e r e f o r e ,  t h e  o u t p u t  w i l l  n o t  be inc luded  i n  t h i s  r e p o r t ,  b u t  

w i l l ,  be  provided upon r e q u e s t .  

I n  o r d e r  t o  communicate what t h i s  program does,  a s impler  

example u t i l i z i n g  t h e  s a m e  approach w i l l  be presented .  

EXAMPLE: W e  d e s i r e  t h e  equat ions  of  motion of  t h e  double  

1’ 82 - Figure  3 i n  t e r m s  of t h e  gene ra l i zed  coord ina te s  8 

For t h i s  s imple  problem, t h e  potential energy may be  w r i t t e n  

as 

The v e l o c i t y  of mass 1 i s  
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where u i s  a u n i t  v e c t o r  i n  t h e  i n c r e a s i n g  el d i r e c t i o n .  
-01 
The v e l o c i t y  of mass 2 can be expressed i n  t e r m s  of t h e  

v e l o c i t y  of m a s s  1 by use of t h e  r e l a t i v e  v e l o c i t y  theorem as 1 

where u 

a d d i t i o n  i n d i c a t e d  i n  ( 1 0 )  is a v e c t o r  sum; s i n c e  yl as given 

by (1) and t h e  second t e r m  i n .  (10) are n o t  expressed i n  t h e  same 

is  a u n i t  v e c t o r  i n  t he  i n c r e a s i n g  Q2 d i r e c t i o n .  The - *2 

coord ina te  system, the r e l a t i o n  between t h e  coord ina te  systems 

m u s t  be  s p e c i f i e d ,  v i z :  

u = u cos e2 - u s i n  e2 - e 2  -.e1 UMB 

(12) 2 u = u s i n  a 2  + 2MB COS e -SI3 -“e1 

where );)MB and !IB are u n i t  v e c t o r s  d i r e c t e d  as shown i n  F igure  3 .  

The FORMAC program of F igure  4 

1. Sets up V 

2.  C a l c u l a t e s  v1 (VELMl) 
Y 

3 .  Ente r s  t h e  r e l a t i o n  between t h e  coord ina te  systems* 

4 .  Evanuates v (VELM2) -2  

(DVT1 and DVT2) a V  and - 5 .  Computes - av 
20 ,  26,  

*Note t h a t  bes ides  working wi th  symbols, FORMAC i s  a l s o  manipula- 
t i n g  v e c t o r  expres s ions ,  n e i t h e r  of which a computer i s  commonly 
considered able t o  do. 
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6. 

7. 

a. I 
9. 

10. 

11. 

o u t p u t  

Evalua tes  

Evalua tes  

Evalua tes  

S p e c i f i e s  

Evalua tes  

and 
8% 

@lf ?2f 

(DTT1 and DTT2) 

( D T D T ~  and DTDT2) 

e2 as func t ions  of 

d aT 8T Adds - (7) I - d t  . '  
34i a q i  

av and - 
zi 

from t h i s  program i s  p resen ted  on 

A l l  i n t e rmed ia t e  r e s u l t s  have been dumped, and 

t i m e  

(DTDTlT and 

to  g e t  Qi. 

DTDT 2 T ) 

next  t w o  pages.  

t h e  f i n a l  answers 

appear  a s  t h e  l a s t  n ine  l i n e s  of symbolic ou tput .  W e  have 

Q1 = S I N  ( THETAl ) G L 1  M l  + DTHTA1") . ( T ) L12 M I  + SIN 

( THETAl ) G L 1  PI2 - THETA2 . ( T ) S I N  ( THETA%. ( T ) )  DTHTA2. 

+ SIN ( THETAl + THETP,2 ) L2 G M2 + DTHTA1") . ( T ) L12 M2 

C DTHTA2"). ( T ) S I N 2  ( THETA2. ( T ) ) L22 M2 + DTHTA2'I) . 



2 8  
! 
i 

i 
i_ 

I ) ;  -- 
LET_(fJSB=UTHTAl*SL3JTHETA2 ) ____ _____ 
LET (UTHTA2=VTHTA l*COE: {THETA2 ) -ITMR*SI H (TMBTA2 

+UME*COS [THgT&2 1 ) .  
--- -__-- . __ -_ - . .  

- ___----I_- 

/* * /  

___--- 

-- 

Figure 4. F O W C  Program to Generate Equations 
of Motion of Double Pendulum. 
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leading to the equations of motion 

* 2  .. 
p k l  2 + M2RL il + R 1 2 2  R M cose2e2 - sine2e2 

(13) 

.. 2 '- M ~ R ~  e 2  + M R R cose2e1 - M ~ R ~ R ~  2 1 2  

sineZ + M 2 2  R g -I- 0,)  = Q2 (14) 

Following this procedure on the seven element stick man 

leads to a complex set of equations. We have calculated these 

equations completely, but they do not appear amenable to straight 

forward machine solution at the present time (basically because 

they are prohibitively long. ) 

However, if small angle approximations are made and only 

terms in the first power in each state variable are kept, the 

resulting linearized equations may be put in the form 

A: = Bk + 'CX + Pf + ET -k V 
u .., .., u u Y 

where 
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:i= 

s 

E" 





x =  
.., 

FHx 

FTx 

F HY 

TY 
F 

FTxE 

F E  
HY 

F E  
TY 

FTxT 

FHyY 

FTyY 

FTx@ 

FHyB 

F5B 

FTX" 

and A ,  

. 
x =  
.w 

X 

Y 

5 
. 
a 

r3 

; 
6 
* 
& 

. 
5 

.. 
x =  
.w 

.. 
X 

2 

Ff 
1. 

a 

.. 
B 

Y 

6 

.. 

.. 

.. 
E 

.. r 

I 
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f =  .., I T =  - 

T Y 

B T 

.Ta 

Tb 

TE 

5 T 

B ,  C, D, and E are matrices o f  a p p r o p r i a t e  s i z e  t o  

v =  
.., 

vx 

V 
Y 

v8 

va 

vB 

V Y 

% 

vE. 

t r  
V 

be con- 

formable w i t h  t h e  i n d i c a t e d  vectors. I n  e q u a t i o n  (16), T T 

etc . ,  are t h e  to rques  about  t h e  j o i n t s  whose ang le s  a r e  y ,  8 ,  etc.;  
Y B '  

f are t h e  x, y components of t h e  ground reac t ion  f o r c e  on FkIx Hy 
the h e e l ,  and FTx, F TY 
r e a c t i o n  force on t h e  t o e  (see Figure  I a ) .  

are t h e  x, y components of t h e  ground 

The A m a t r i x  is given  i n  equatior? (17). 
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A =  

- 
4.800 0.000 -1.879 1.589 -0.569 0.000 

0.000 4.800 0.000 0.000 0.000 -0.019 

0.839 0,000 4 .141  - 3 . 0 4 1  0.763 0.005 

1.589 0.000 -2.117 2.117 -0.820 -0.005 

-0.569 0.000 0.763 -0.763 0.763 0.005 

0.000 -0.019 0.005 -0.005 0.005 0.008 

0.180 0.000 0.030 0.000 0.000 0.000 

8.039 0 .000 -0.009 0.000 0,000 0.000 

0.239 0.000 0 . 2 0 3  0.000 0,000 0.000 
- 

0.079 0 .039  

0.000 0.000 

0.030 0 . 0 2 3  

0.000 0.000 

0.000 0.000 

0.000 0,000 

0.065 0 ,048 

0.009 0 .024  

0.000 0.000 

0.000 

0.239 

0.204 

0.000 

0.000 

0.000 

0.000 

0.000 

0 .203  

1 

2 

Since  A i s  - n o t  s p a r s e ,  n e a r l y  every a c c e l e r a t i o n  couples 

i n t o  n e a r l y  every o t h e r  one,  and w e  have a bad a l g e b r a i c  loop 

problem. Analog s imula t ion  i s  i n d i c a t e d ,  b u t  every nonzero co- 

e f f i c i e n t  i n  A r e q u i r e s  an analog p o t ,  as i s  a l s o  t r u e  f o r  B,  C ,  

D, and E; t h e  number of po t s  r equ i r ed  is more than w e  have a t  

our d i s p o s a l .  

However, p r e m u l t i p l i c a t i o n  of (15) by A-' y i e l d s  

and i n  t h i s  form t h e r e  i s  no a l g e b r i a c  loop problem. 

I t  t u r n s  o u t  t h a t  C E 0 ;  t h e  res t  of t h e  matrices i n  (18 )  

are a s  fo l lows:  
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-1 A ET = 

- 
0.2065 

-0 .0003 

2 .4660 

3 .0814 

0.7700 

e- 0 - 0  8 6 7 

-0 .8632 

1 . 5 8 8 1  

-2 .7090 - 

0.3046 

-0.0036 

3 - 1 6 0 0  

4.5302 

2.9120 

-0 .8645 

-3.7530 

2 .0013 

-3 .5184 

0.2169 -0.3327 

0.4655 0.0005 

3 . 3 5 5 1  0 .5482 

4.7590 0.79 89 

2.1434 0.0015 

111.7349 0.1397 

-3.7609 20 .8373 

2.2146 -6.7716 

-3 .6103 -0 .1567 

-3.0199 

33.5509 

0 .9946 

3.3083 

f 

57.5667 

67.0540 

40.4406 

-0.1247 

0.0002 

-0.1575 

-0.0635 

0.0005 

0.0523 

-19.4339 

47.1390 

0.3042 

- 
-0.3694 

0.0006 

0 .0407 

0 . 3 1 9 1  

0 .0017 

0 . 1 5 5 1  

0.7360 

0 . 3 4 0 8  

5 .2958 - 

For convenience in debugging the simulation, a simple 

control law relating the joint torques to the joint angles and 

an.gular rates of the following f o r m  was used: 
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Figure  5.  J o i n t  A n g l e s  f o r  a One Foot Drop. 
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Figure 5 (Cont'd). Joint Angles f o r  a One Foot Drop. 
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i.e., each  j o i n t  w a s  to rqued  p r o p o r t i o n a l  t o  a l i n e a r  

combination of j o i n t  angle  and j o i n t  angu la r  rate.  

Numerically,  

f t - l b  K -100 
rad q i  

.., f t - l b  K *  = -5 
r a d  q i  

(241 

Figure  5 p r e s e n t s  t e n a t i v e  t i m e  h i s t o r i e s  o f  t h e  

j o i n t  a n g l e s  r e s u l t i n g  when t h e  above s imula t ion  i s  dropped 

f r o m  an i n i t i a l  a l t i t u d e  of  one f o o t  u s i n g - t h e  above f o r m  o f  

c o n t r o l  l a w .  

Channel 2 i s  y ,  t h e  ve r t i ca l  displacement  of t h e  t r u n k  

c.g. Released one f o o t  above i t s  e q u i l i b r i u m  p o s i t i o n ,  y 

dec reases  p a r a b o l i c a l l y  under g r a v i t y  u n t i l  t h e  t o e  s t r i k e s  

t h e  ground (see F ) (Channel 8 shows t h e  h e e l  s t r i k e  (F 1 

o c c u r r i n g  s l i g h t l y  l a t e r  i n  time. The v e r t i c a l  h e e l  and toe 
TY HY 

f o r c e s  cause  y t o  d e c e l e r a t e  and begin  t o  move up ( y ,  

Channel 2 )  , t h e  t r u n k  p i t c h e s  forward ( e ,  Channel 3 )  , t h e  

t h i g h  moves up ( y ,  Channel 4), t h e  knee bends back (6, 

Channel 51 ,  t h e  f o o t  ang le  goes n e g a t i v e  ( a ,  Channel 6 1 ,  

and t h e  upper a r m  p i t c h e s  forward s l i g h t l y  ( 6 ,  Channel 7 ) .  

Conclusions 

Based on t h e  work w e  have completed so f a r p  t h e  r e s e a r c h  

program we have o u t l i n e d  s t . i l l  appears  f e a s i b l e ;  no major 

a l t e r a t i o n s  appear  necessa ry  a t  t h e  p r e s e n t  t i m e .  
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V. Future  Work 

1. The s imula t ion  r e s u l t s  of the  preceeding  s e c t i o n s  

are based on equat ions  der ived  p r i m a r i l y  by 

hahd, and t h e r e f o r e  are l i k e l y  t o  con ta in  a number 
I 

of  a n a l y t i c  and numerical  e r r o r s .  The FORR/IAC 

r e s u l t s  are now be ing  used t o  v e r i f y  and correct 

these equa t ions .  

2 .  C e r t a i n  c o n s t r a i n t s ,  such as t h e  phys io log ica l  

f a c t s  t h a t  knees ,  ank le s ,  and elbows d o n ' t  bend 

backwards, have t h u s  f a r  been neglec ted  i n  the 

model. They w i l l  be inc luded .  

3.  The c o n t r o l  l a w  of equat ions  ( 2 3 )  - ( 2 5 )  w i l l  be  

i n v e s t i g a t e d  m o r e  thoroughly and modif ied and 
- 

r e f i n e d ,  i n  t h e  h'ope of beginning an i n v e s t i g a t i o n  

of load  r e l i e f  p r o p e r t i e s  i n  t h e  near  f u t u r e .  
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NASA B I O S Y S T E M S  - B I O - O P T I C S  

L., ".. I 
This is a report on the work on bio-optics since the 

initial progress report. The first section of this chapter 

will deal with questions as to the application of liquid 

crystals to control problems. A later section will be con- 

cerned with the theoretical results for ellipsoidal particles 

representing long molecules in a simple shear field. 

Applications 

The application of liquid crystals proposed in the first 

report was centered around the control of the index of re- 

fraction of "eye glasses" to allow continuous fcicusing as 

substitute for bifocal or trifocal lenses now use2 for vision 

correction. The next extension would be to the augmentation 

of visual accommodation in dynamic tracking problems. Most 

tracking models of visual response have dealt with the motor 

control of the eye in following objects in a plane or 

essentially '*far away". (i.e., the up-down and sidewise 

motion of the eye.) If one examines the reaction times of the 

important control processes in vision, however, 

response time is that of accommodation or focus 

response time for  eye movement is approximately 

the limiting 

control. The 

120 milli- 

seconds, for pupil reaction 250 miliseconds, but for accommo- 

dation 400 yilliscconds. The ability to maintain focus on an 
'i 

4 5  
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o b j e c t  which i s  i n  motion toward and away from t h e  observer  

appears  t o  be t h e  l i m i t i n g  func t ion  i n  eye c o n t r o l .  (The 400 

mi l l i sdconds  response t i m e  i s  t h a t  recorded f o r  a 2 d i o p t e r  
I 

change i n  focus.  (1) ) 

The q u e s t i o n  remains as t o  what t h i s  e f f e c t  has on ou r  

a b i l i t y  t o  t r a c k  rapidly-approaching o r  receding  o b j e c t s .  

Poss ib l e  consequences on man's a b i l i t y  t o  respond t o  r a p i d l y  

changing v i s u a l  even t s  have no t  been explored.  

A s  an example of t h e  s i t u a t i o n s  where c o n t r o l  of accom- 

modation may be impor tan t  l e t  us cons ider  t h e  response of t h e  

eye i n  t r a c k i n g  o r  observ ing  an o b j e c t  which i s  viewed through 

; a screen .  The. eye has  g r e a t  d i f f i c u l t y  i n  focus ing  on t h e  

screen f r o m  a focus on a d i s t a n t  o b j e c t .  I f  t h e  o b j e c t  i s  t o  

be f i x e d  i n  p o s i t i o n  on t h e  g r i d ,  t h i s  i s  an o s c i l l a t o r y  

t r a c k i n g  maneuver d i f f i c u l t  t o  maintain.  I t  i s  known t h a t  i n  

t h e  adjustment  i n  focus r equ i r ed  t o  fol low receding  o b j e c t s  

t h e  e y e  may l o s e  focus and i n s t e a d  of cont inuing  t o  t rack may 

f l u c t u a t e  about  an i n t e r m e d i a t e  focus.  Another response i s  an 

o s c i l l a t o r y  focus w i t h  w i t h  l e n s  of t h e  eye moving i n  t h e  

oppos i t e  d i r e c t i o n  from 

e f f e c t s  o r  combinat ions 

observing a sequence of 

t h e  o b j e c t  being t r acked .  All t h e s e  

may occur  i n  t h e  processes  of v i s u a l l y  

near  and d i s t a n t  o b j e c t s .  I f  t h e  human 

p h y s i o l o g i c a l  focus con,rol  i s  n o t  adequate  f o r  t h e s e  type  

t a s k s  an augmentation using a r a p i d  focus technique w i l l  be 

requi red .  Liquid c r y s t a l  devices  a r e  a p o s s i b l e  mechanism 

which could be used t o  augment t h i s  v i s u a l  accommodation. It 
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remains then to consider whether a fast controlled focus is 

compatible with the physiological control system of the eye 

Id be used in rapid observation changes. 

The theory of eye tracking o r  saccadic motion is well 

established and understood as noted in the work of Young and 

Stark. ( 2 )  The problem of importance in obtaining information 

from moving objects is certainly more involved than this 

theory. Eye tra-cking theory is based on obtaining information 

on only the spatial position of an object in a two-dimensional 

space. No information is asked about the size, shape or 

configuration of the object. To include this information, an 

understanding of the accommodation response of the eye. needs 

to be included. "Tracking for information" could be attacked 

in several ways: 

1. 

2. 

3 .  

Experiments with an optometer to change the object 

distance rapidly in order to quantify the 

physiological response and test an augmentation 

system. Q- 

Build a focusing system which has a manually 

controllable focus for use in tracking an object 

in space. Then use this to examine the feedback 

response requirements needed. 

Provide a system whereby eye lens motion is 

sensed to control the focus of an augmentated 

system. 
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The c o n t r o l  ques t ions  which must be answered i n  an 

automatic  focus system o r  zoom l e n s  c o n t r o l  a r e :  (1) What 

w i l l  be t h e  phys io log ica l  r e a c t i o n  to t h e  automatic  c o n t r o l ?  

( 2 )  What conscious response feedback c o n t r o l  i s  p r e s e n t  i n  

t h e  focus feedback loop? ( 3 )  I f  a focus system i s  b u i l t  w i t h  

a s tep-response behavior  w i l l  t h i s  o p e r a t e  more adequately 

than  a cont inuous focus system? 

T h e  use  of l i q u i d  c r y s t a l s  as a focus c o n t r o l  mechanism 

has an advantage over  p r e s s u r e  o r  l e n s  movement systems 

because t h e i r  response t i m e  can be much f a s t e r  s i n c e  the 

i n e r t i a l  e lements  are s m a l l e r .  

P r e s e n t  research i n  l i q u i d  crystals has  been based on 

obse rva t ion  of e f f e c t s .  The r e s u l t s  a r e  i n  terms of f u l l  

o r i e n t a t i o n  of molecular  groups r a t h e r  than  cont inuous c o n t r o l  

of t h i s  o r i e n t a t i o n .  T h e  s tudy of the  s h e a r - f i e l d  o r i e n t a t i o n  

e f f e c t  i s  i n  p a r t  motivated by i t s  p o t e n t i a l  f o r  cont inuous 

c o n t r o l .  

The more g e n e r a l  a p p l i c a t i o n s  of t he  a n a l y s i s  of t h e  

a c t i o n  of p a r t i c l e s  o r  molecules i n  flow or  i n  energy f i e l d s  

inc lude  t h e  cont inuous c o n t r o l  of l i q u i d  s l u r r i e s  i n  an 

e l e c t r o s t a t i c  or  magnet ic  c l u t c h  o r  c o n t r o l  of t h e  flow of 

f l u i d s  by a l t e r n a t i n g  o r  d i r e c t  f i e l d s .  T h e  a p p l i c a t i o n s  

as f i e l d  senso r s  are a l s o  numerous and w i l l  n o t  be d i scussed  

he re .  (The a p p l i c a t i o n  t o  blood flow measurement i s  d iscussed  

i n  a paper  which i s  i n  p repa ra t ion .  ( 3 ) )  

t i o n  should be made here, however, t ha t  emphasis i s  be ing  

T h e  gene ra l  observa-  
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p laced  on nematic l i q u i d  c r y s t a l s  ( i .e. ,  t h o s e  which are v e c t o r  

f i e l d  s e n s i t i v e  r a t h e r  t h a n  energy o r  i n t e n s i t y  s e n s i t i v e . )  

In t h e  F i r s t  P rogres s  Report ,  rough estimates of t h e  

change i n  index  o f  r e f r a c t i o n  of a l e n s  r e q u i r e d  t o  produce an 

accommodation assist w e r e  o u t l i n e d .  A change i n  focal  power- 

of 9 d i o p t e r s  w a s  shown t o  be adequate  for t h i s  a p p l i c a t i o n ,  

T h i s  accommodation could  be ob ta ined  by a l t e r i n g  t h e  r a d i u s  of 

c u r v a t u r e  o r  t h e  index  of r e f r a c t i o n  of a l e n s .  The technique  

of  a l t e r i n g  t h e  index  o f  r e f r a c t i o n  w a s  chosen t o  t a k e  ad- 

vantage  of t h e  r a p i d  response  p o s s i b i l i t i e s  of l i q u i d  c r y s t a l s  

and t h e i r  r e c e n t  a v a i l a b i l i t y  o f  room-temperature nematic  

( s h e a r  t y p e )  c r y s t a l s .  

Ana l y  s i s - 
The index of r e f r a c t i o n  v a r i a t i o n  i s  analyzed by 

u t i l i z i n g  t h e  r e l a t i o n  between index  of  r e f r a c t i o n  and dielectr ic  

c o n s t a n t  

where n i s  t h e  index  of  r e f r a c t i o n ,  K t h e  d i e l e c t r i c  c o n s t a n t  

and &-- t h e  r e l a t ive  magnet ic  pe rmeab i l i t y .  For t h i s  a n a l y s i s  

t h e  re la t ive  p e r m e a b i l i t y  i s  assumed f i x e d  and t h e  dielectr ic  
1-IO 

c o n s t a n t  e f f e c t  examined. 

The f i rs t  method of  foclis c o n t r o l  has  been t h e  app l i ca -  

t i o n  of  a s h e a r  f i e l d  t o  a nematic t ype  l i q u i d  c r y s t a l .  I n  

o r d e r  t o  ana lyze  t h e  index  o f  r e f r a c t i o n  change p o s s i b l e  i n  
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t h e s e  mater ia l s ,  an a n a l y t i c a l  model of a l i q u i d  c r y s t a l  as 

c o n s i s t i n g  long s y m z e t r i c a l  e l l i p s o i d s  approximating long 

molecutes i s  assumed. 

s h e a r  f i e l d  on t h e s e  e l l i p s o i d s  i s  then  examined. From t h e  

motioii o f  t h e  e l l i p s o i d s  t h e  change i n  index  of r e f r a c t i o n  i s  

I 
The hydrodynamic e f f e c t  of a s imple  

p r e d i c t e d  i n  t h i s  s e c t i o n  of t h e  r e p o r t .  

A s  a f i r s t  approximation, t hen ,  long  molecules i n  a 

f l u i d  w i l l  be assumed as e l l i p s o i d s  w i t h  d i f f e r e n t  p r o p e r t i e s  

t han  t h e  f l u i d  i n  which they  are contained.  These e l l i p s o i d s  

w i l l  be  assumed randomly d i s p e r s e d  i n  a media and free t o  

r o t a t e  and t r a n s l a t e  under t h e  i n f l u e n c e  of e lectr ical  o r  

mechanical forces. The f l o w  geometry of F igu re  (1) w i l l  be  

assumed w i t h  t h e  p r o p e r t i e s  of t h e  f l u i d  des igna ted  w i t h  

s u b s c r i p t  " s "  and t h a t  or' t h e  e l l i p s o i d s  w i t h  a s u b s c r i p t  "p". 

For a random d i s p e r s i o n  of  e l l i p s o i d s  (a suspens ion  a t  

rest i n  t h e  absence of a d i s t u r b a n c e )  t h e  dielectr ic  c o n s t a n t  

has  been shown ( 4 '  t o  be approximated by t h e  equa t ions  

1 + xa 
K = Ks + -(K P -Ks) 

3 P  
ct=a,b,c 

where 

2 - abc La 
- - 

xa abc  La (3) 

and 
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Fig. 1 Coordinate Georwtry f o r  an Gllipsoid of 
Revolution in a Shear Flow 

j _  
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( ( a ,b , c , )  are t h e  axes of t h e  e l l i p s o i d . )  

These e q u a t i o n s  can be reduced t o  t h e  d i e l e c t r i c  

c o n s t a n t  f o r  an a l i g n e d  suspension by r e p l a c i n g  5 by p and 

removing the  summation s i g n .  For  example, t o  o b t a i n  t h e  

c o n d u c t i v i t y  of a suspens ion  a l i g n e d  w i t h  t h e  a axes  i n  t h e  

d i r e c t i o n  of t h e  a p p l i e d  f i e l d  

1 - xa 

Ka = Ks + ( K  P - Ks) P[xa + Kp/Ks] (5)  

W e  are concerned i n  t h i s  r e p o r t  w i t h  t h e  d i e l e c t r i c  

c o n s t a n t  of a suspens ion  i n  which t h e  e l l i p s o i d s  are i n  motion 

produced by a f i e l d  ( i n  p a r t i c u l a r  a s imple  mechanical s h e a r  

f i e l d ) .  

S i m i l a r  e q u a t i o n s  w i t h  a r e p l a c e d  by b o r  c r e p r e s e n t  

t h e  d i e l e c t r i c  c o n s t a n t  of a s o l u t i o n  w i t h  t h e  axes b o r  c 

a l i g n e d  w i t h  t h e  f i e l d .  These q u a n t i t i e s  des igna ted  K a f  K b t  and 

Kc g i v e  t h e  p r i n c i p l e  d i e l e c t r i c  c o n s t a n t  of a suspens ion  of 

uniform e l l i p s o i d s .  The v a r i a t i o n  of t h e  p r i n c i p l e  d i e l e c t r i c  

c o n s t a n t s  K and Kb i f  t h e  d i e l e c t r i c  c o n s t a n t  of t h e  p a r t i c l e  

(Kp) i s  assumed t o  be zero  i s  shown i n  F igu re  ( 2 )  f o r  a p a r t i c l e  
a d e n s i t y  o f  0 . 5  as a f u n c t i o n  of t h e  a x i s  r a t i o  r = - b *  

t h e  d i e l e c t r i c  c o n s t a n t  a t  any ang le  t o  t h e  p r i n c i p l e  axes  t h e  

d ie lec t r ic  c o n s t a n t  i s  assumed t o  be a second o r d e r  t e n s o r  

q u a l i t y ,  which t ransforms accord ing  t o  t h e  t e n s o r  r e l a t i o n  

a 

T o  f i n d  
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h Fig .  2 T h e o r e t i c a l  va r i a t i . on  of t n e  p r i n c i p a l  d ie lec t r ic  
c o n s t a n t  of symmetr ical  e l l i p s o i d s  i n  suspens ion  
as a f u n c t i o n  of t h e  a x i s  r a t i o  z = a/b. The 
vo1,ume d e n s i t y  shown j.s < = 0.5,  
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= a  a K .  Kij' ik j k  kt 

a r e p r e s e n t  t h e  c o s i n e s  of t h e  ang le s  between t h e  o r i g i n a l  

axes  and t h e  new axes .  IE t h i s  case a r e p r e s e n t  t h e  c o s i n e s  

of  t h e  a n g l e s  between t h e  axes of t h e  e l l i p s o i d  and t h e  

a p p l i e d  f i e l d .  

jk 

j k  

Using t h e  t e n s o r  p rope r ty  of t h e  c o n d u c t i v i t y ,  t h e  con- 

d u c t i v i t y  i n  t h e  d i r e c t i o n  of t h e  x1 a x i s  i s  3 

33a33K33 1 -  + a  K33 - a31a31K11 4- a 32a32K22 

Set - t iny  K Z 2  = K33 and us ing  t h e  geomet r i ca l  r e l a t i o n s  

= 1 ,  2 2 2 
3 1  a32 + a33 a 

and 

then  

2 
03 = 1 - cos 2 

32 2 + a  33 a 

and 

0,) 
2 2 = K COS e 3  3- K b ( l  - COS 

1 
K33 a 

(7)  
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S i m i l a r l y  

2 2 = K COS e2 + ~ ~ ( 1  - COS e,) 1 
K2 2 a 

and 

2 2 
el) . ( 8 , ~ )  

= K COS e l  + xb(i - cos 1 
5 1  a 

These t h r e e  equa t ions  d e f i n e  t h e  dielectr ic  c o n s t a n t  of a 

suspens ion  i n  which t h e  e lectr ic  f i e l d  i s  i n  t h e  d i r e c t i o n  of 

one of t h e  prime axes i n  t e r m s  of t h e  p r i n c i p l e  dielectr ic  con- 

s t a n t s  azd t3e c o s i n e  of t h e  ang le  between t h e  a x i s  of symmetry 

and t h e  d i r e c t i o n  of t h e  f i e l d .  

The dielectric c o n s t a n t  i s  then  ob ta ined  by proper  

averaging as a f u n c t i o n  of ang le  of  t h e  e l l i p s o i d s  t o  t h e  

a p p l i e d  e lec t r ic  f i e l d .  (See Appendix 111.) 

The r e s u l t s  of  t h i s  a n a l y s i s  may be summarized by t h e  

fo l lowing  d i s c u s s i o n  and equa t ions .  

The  dielectric c o n s t a n t  of a sheared  suspens ion  i n  t h e  

three d i r e c t i o n s  xl', x I f  x3' may be r e p r e s e n t e d  by t h e  

equa t ions  
2 

' = Kb + (Ka  - Kb)  K1l 

K22' = Kb + (Ka  - Kb)  5 

= Kb f (Ka - Kb) K33 

(9 f a> 
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The v a r i a t i o n  which can be produced by a shea r  

1' summarized i n  F igure  ( 3 )  where t h e  s h e a r  f a c t o r s  F 

f i e l d  i s  

F2 and 

F are shown as a f u n c t i o n  of t h e  e l l i p s o i d a l  a x i s  r a t i o ,  r. 3 

Since  t h e  factor  F i s  0 .5  (Equation A 5 ,  Appendix A) when 

t h e  suspension i s  randomly o r i e n t a t e d  ( i . e . ,  when t h e  suspension 

is  d i s p e r s e d  due t o  Brownian motion) ,  t h e  v a r i a t i o n  from t h i s  

va lue  w i t h  s h e a r  r e p r e s e n t s  t h e  magnitude of t h e  e f f e c t .  If w e  

a r e  concerned w i t h  l o n g  molecules ( p r o l a t e  e l l i p s o i d s )  where 

r >> 1 it i s  clear t h a t  s l i g h t  v a r i a t i o n  wi th  shear..occurs i n  

t h e  d i r e c t i o n  pe rpend icu la r  t o  s h e a r  p l anes  (F). The maximum 

v a r i a t i o n  occurs  a long t h e  shea r  p lanes  i n  t h e  d i r e c t i o n  of t h e  

s h e a r  (F1). 

maximum response can be obta ined  ( f o r  r >> 1) by motion i n  t h e  

x1 d i r e c t i o n  and obse rva t ion  i n  t h e  same d i r e c t i o n .  

c o n t r o l  i s  provided by a sandwich t h e  p l a t e s  should be  moved 

p a r a l l e l  t o  each o t h e r  and t h e  obse rva t ion  made a s  shown i n  

Figure ( 4 , a ) .  The o t h e r  a l t e r n a t i v e  i s  t o  v i b r a t e  a p l ane  

pe rpend icu la r  t o  t h e  sandwich and observe as whown i n  F igure  

( 4 , b ) .  I f  w e  a r e  concerned wi th  a f l u i d  w i t h  o b l a t e  p a r t i c l e s  

[ ( o r  d i s c s  wi th  (r  << l)], then t h e  response w i l l  depend upon 

t h e  d i r e c t i o n  of obse rva t ion .  The e f f e c t  i s  much g r e a t e r  f o r  

obse rva t ion  i n  t h e  x 

sphero ids .  I f  a choice  of form of t h e  p a r t i c l e s  i s  p o s s i b l e  

then  o b l a t e  sphero ids  have a c l e a r  advantage from t h e  c o n t r o l  

o r  d e t e c t i o n  p o i n t  of view. For l i q u i d  c r y s t a l s  w e  do n o t  

have t h i s  choice ,  t h e  molecules are approxinated by long p r o l a t e  

3 

For c o n t r o l  of p r o p e r t i e s  by a shea r  f i e l d  t h e  

I f  t h e  1 

and x2 d i r e c t i o n s  than  f o r  p r o l a t e  3 
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Fig. 3 Computed: theoretical conductivity factors fo r  
conductivity as a function of the e l l i p s o i d  

. axis ratio k = a/b. 
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I 

obse rva t ion  
observa t ion  

F igure  4a 
Figure  4b 

obse rva t ion  

Figure 5 .  
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e l l i p s o i d s .  I n  t h i s  case t h e  b e s t  a l t e r n a t i v e  a t  p r e s e n t  i s  

t h e  system shown i n  F igu re  (5)  , 

Experi  1 ents -Observa t ions  on Corneal Transparency 

The i n c i d e n t a l  problem of c o r n e a l  t r anspa rency  which i s  

impor tan t  i n  t h e  c o n t e x t  of f i b r o u s  material t r anspa rency  

has  been examined f u r t h e r  w i th  some p h y s i o l o g i c a l  e x p l o r a t o r y  

experiments .  

Excised rabbi t ;  cornea have been examined i n  t h e  l a b o r a t o r y  

€or de t e rmina t ion  of t h e i r  s c a t t e r i n g  p r o p e r t i e s ,  From 

o b s e r v a t i o n s  w i t h  p o l a r i z e d  laser l i g h t ,  it i s  observed  t h a t  

s c a t t e r i n g  from p a r t i c l e s  g r e a t e r  t han  t h e  s i z e  of t h e  f i b r i l s  

involved i s  a p p r e c i a b l e  (us ing  techniques  of c rossed  p o l a r i z e r  

t r a n s m i s s i o n ) .  The s c a t t e r i n g  has  been d i f f i c u l t  t o  q u a n t i t a t e  

because of t h e  r a p i d  d e t e r i o r a t i o n  of t h e s e  cornea i n  s a l i n e  

s o l u t i o n .  By t h e  u s e  of c ros sed  p o l a r i z e r s ,  it h a s  been 

e s t i m a t e d  i n  p r e l i m i n a r y  experiments  t h a t  t h e  r a t i o  o f  t h e  

i n t e n s i t y  t r a n s m i t t e d  t o  s c a t t e r e d  l i g h t  by t h e  cornea  i s  

approximately 1 0  t o  1. These a r e  p re l imina ry  d a t a  and improve- 

ment i n  exper imenta l  t echnique  w i l l  be  r e q u i r e d  t o  d e s c r i b e  

t h i s  m e r e  a c c u r a t e l y .  

These experiments  are d i r e c t e d  toward t h e  unders tanding  

of t h e  t r anspa rency  o f  t h e  cornea and i t s  r e l a t i o n  t o  t h e  

t ransparency  o f  o r i e n t a t e d  f i b e r  t ype  materials.  The r e l a t i o n  

of  t h i s  work t o  l i q u i d  c r y s t a l s  w a s  d i s c u s s e d  b r i e f l y  i n  t h e  

F i r s t  P rogres s  Report .  
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Summary 

The t h e o r e t i c a l  a n a l y s i s  of t h e  e f f e c t  of a s h e a r  f i e l d  

i on a suFpension of long  e l l i p s o i d s  ( r e p r e s e n t i n g  a nematic  

l i q u i d  c r y s t a l )  has  been completed. The d i e l e c t r i c  c o n s t a n t  

and index of r e f r a c t i o n  changes t o  be expec ted  have been 

e s t ima ted .  The o t h e r  two s t e p s  o u t l i n e d  i n  t h e  F i r s t  P rogres s  

Report  are now t o  be a t tempted .  

1. Experimental  demonstrat ion of  c o n t r o l  of  index  

of r e f r a c t i o n  by a s h e a r  f i e l d  i n c l u d i n g  f l a t  

and c y l i n d r i c a l  c o n f i g u r a t i o n s .  

2 .  F u r t h e r  work on c o r n e a l  t r anspa rency  i s  i n  

p rogres s  i n c l u d i n g  s c a t t e r i n g  from c o r n e a l  

f i b r i l s .  In a d d i t i o n ,  an ex tens ion  t o  focus  

o r  accommodation c o n t r o l  i s  expected as 

exp la ined  b r i e f l y  i n  t h e  beginning  of t h i s  

s e c t i o n .  



/PATTERN RECOGNITION OF €?ANDOM SPATIAL SIGNALS 
USING COHERENT OPTICAL TECHNIQUES I 

In Progress Report 1 ( P R 1 )  it was shown how biological 

photomicrographs could be considered to be random diffracting 

screens wher, illuminated with coherent light. This is a 

particular example o€ the general problem of pattern recogni- 

tion of random spatial signals. The main purpose of current 

research is to determine to what extent statistical analysis and 

identification of random spatial signals can be carried out by 

optical techniques. The development of such techniques would 

be important f o r  a wide variety of possible applications. As 

described in P R l  application of these techniques to biological 

photomicrographs would permit the direct determination of such 

statistical quantities as mean cell size and distribution. 

Another area of application of these techniques is to 

provide a quantitative measure of "randomness" to be used as 

an error signal in automatic control systems. For example, the 

total light scattered off-axis in the transform plane provides 

a direct measure of the variance of the random process. Such 

measurements could provide an index of smoothness of reflecting 

surfaces. Based on such an index, for example, a spacecraft 

might be landed automatically on the smoothest terrain of a 

moon or planet. Another spatially random control signal might 

61 
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I 

be the distribution of stars in the sky. If different regions 

of the sky have different statistical distributions of stars, 

then diqect optical measurements of these properties might be 

used in the automatic control and navigation of spacecraft. 

I 

In P R 1  it was shown how an optical processing system could 

be used for power spectrum and autocorrelation measurements. 

The standard optical processing system contains a collimating 

lens, a transforming lens, and an imaging (or second transforming) 

lens. By appropriately locating the input plane, the same lens 

can be used. for both transforming and imaging the input signal. 

As will be shown below, the incident wave need not be a plane 

wave so that the collimating lens can a lso  be eliminated. An 

analysis of this system will allow one to determine the relation- 

ship between the spatial frequency in the power spectrum measure- 

ments and the geometry of the system. 

A schematic of the optical processing system is shown in 

Figure 1 where g(x,y) is the complex transmittance of the photo- .., 

micrograph or other random spatial signal. The single lens in 

this system could be replaced by a spherical mirror resulting 

in the lensless optical processor discussed in P R 1 .  Such a 

system could be designed to accept photomicrographs of large 

spatial extent thus justifying the ergodic hypothesis when making 

power spectrum measurements of random signals. The analysis below 

applies to either a single lens system or a lensless system using 

a spherical mirror. 



?\ 6.3 
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Analysis of the Optical Processing System 

A wave analysis of the optical system in Figure 1 can be 

carried I out by determining the complex amplitude of the wave 
U(x,y) at any plane perpendicular to the optical axis. If 

U*(xlfyl) is the complex amplitude of the wave at plane z = 0, 

then the complex amplitude U(x at a parallel plane a dis- 

tance z away is given by the Huygen-Fresnel principlelf2 as 

shown in Figure 2. Referring to Figure 2 one sees that the 

effect of traveling a distance d in free space is to change 

U'(xl,yl) - to U(xo,yo) - through the relation 

- 
.., 

- oryo) 

where K is a complex constant and U'(x ) is assumed to be 

zero outside the aperture. The result for light from a point 
- - l'Y1 

source on the axis traveling a distance d is found by letting 

U'(x ,y 1 = 6(xlfy1) in (1) from which - 1 1  

The effect of the lens (or spherical mirror) is to mul-tiply 

the incident amplitude function U(x,y) by some complex amplitude 

$(x,y). To determine $(x,y) recognize that light from a point 

source which is incident on the lens (or mirror) after traveling 

a distance f equal to the focal length will be transmitted (or 

reflected) as a plane wave. That is 

- 
- - 
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U,(x,y) $ ( x , y )  = c o n s t a n t  

and t h u s  from ( 2 )  it fo l lows  t h a t  

r e p r e s e n t s  t h e  e f f e c t  of  t h e  leas 

f i s  t h e  f o c a l  l e n g t h  of t h e  l e n s  

Refer  now t o  F i g u r e  1 where U ( x  -1 
j u s t  t o  t h e  l e f t  of t h e  s i g n a l  p l ane .  

bY 

To 

s p h e r i c a l  

m i r r o r ) .  

y)  i s  t h e  

From ( 2 )  

t h e  r i g h t  

Equat ion (1) 

Thus 

u (u ,v )  = -3 

m i r r o r )  where 

l i g h t  ampli tude 

u (x ,y )  i s  g iven  -1 

of t h e  i n p u t  p l a n e  y 2 ( x , y )  i s  g iven  by 

can be used t o  f i n d  tJ,(u,v) i n  t e r m s  of U2(x ,y) .  .., 

The e f f e c t  of t h e  l e n s  ( o r  m i r r o r )  i s  t o  m u l t i p l y  U3(u,v) by 

J l (u ,v)  g iven  by ( 3 ) .  Thus 
... 

Using (1) a g a i n  U5(p,q) - can be w r i t t e n  as 



67 

--m 

I f  a f i l t e r  w i t h  a complex t r a n s m i t t a n c e  H(p,q) i s  i n s e r t e d  

i n  t h e  p-q p l ane ,  t h e n  LJ6(p,q) i s  g iven  by 

% 

F i n a l l y  t h e  l i g h t  ampl i tude  i n  t h e  o u t p u t  p l a n e  U (r5s) i s  

g iven  by 
-7 

I t  i s  convenient  t o  f i r s t  e v a l u a t e  U .  ( p , q ) .  Combining -5 

Equat ions ( 4 )  through ( 8 )  one can w r i t e  

where 
2 u2 + v2 + x 2 + y 2  - 2ux - 2vy I u2 + v 2 x + Y  + 

f dl d2 
P =  

P2 + 4 + u2 + v2 - 2pu - 2qv + 
d3 

I t  i s  f i r s t  necessary  t o  do t h e  i n t e g r a t i o n  over u and v. To 

t h i s  end l e t  t h e  p a r t s  of p c o n t a i n i n g  u and v be r e p r e s e n t e d  

by p, and p r e s p e c t i v e l y .  Thus 
V 
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I 

dv = v2(& - - f 1 + - )  1 
- 2.(g + e) d3 

Since 

it is desirable to complete the squares in (13) and write 

- - 
I - ? ( %  + E) 2 QU QU d3 

where 

I = -  dl [. - q (" + E)] 2 

)I I = - [  dl u - % ( L  + 9 

Q U  d 2 L l  d2 d3 

Q V  d2Ll dl d2 d 3  

and the lens formula l/f = 1/L + l / d  has been used. Combining 

(14) with the remaining terms in (12) one can write p in the form 
1 3 

2L (xp + yq) ( 1 6 )  
d2L1 ) ( P2 + ." ) - 2 
d ld3  
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The t e r m s  p ' and Q ' give a c o n s t a n t  when i n t e g r a t e d  over 

u and v. 
U V 

2 The c o e f f i c i e n t  of  (x2 + y ) i n  ( 1 6 )  i s  i d e n t i c a l l y  

zero.  Thus (11) can be  w r i t t e n  as 

L1q ) (17) Adld3 
- 
- 56 e 

where G(fx , f  ) i s  t h e  two-dimensional-Fourier  t r ans fo rm of  

g ( x , y )  w i t h  s p a t i a l  f r equenc ie s  f x  = L1p/Adld3 and f 
Y - 

= 
Y .% 

L14/Adld3 

A f i l t e r  w i t h  ar, impulse response  h ( x , y )  and a t r a n s f e r  - 
f u n c t i o n  H( fx , f  ) is t o  be i n s e r t e d  i n  t h e  p-q p l ane .  

f r o m  ( 1 7 ) ,  ( 9 )  and (10) , tJ,(r,s) can be w r i t t e n  as 

Then 
Y - 

where 

u = ~ ( 1  - -)(p2 d2L1  + q2) + ( r 2  + s 2 + p 2 + 9 2  - 2rp  - 2sq) 
d3 d l d 3  

2 The c o e f f i c i e n t  of (p2  4 q ) i n  ( 1 9 )  i s  
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d L  1 2 1  1 

d3 d4 d ld3  
2 + - -  - 

Applying t h e  l e n s  formula t o  F igu re  1 one can w r i t e  

1 + -  1 - -  1 + - -  1 -  1 - - -  
f L1 d3 d2 L2 

By c ros s -mul t ip ly ing  and combining t e r m s  i n  ( 2 1 )  one  can show 

t h a t  

S u b s t i t u t i n g  ( 2 2 )  i n t o  ( 2 0 )  one o b t a i n s  

- 0  1 + - - - -  1 L2 - 
d3 d4 d3d4 

2 2 so t h a t  t h e  c o e f f i c i e n t  of (p  + q ) i n  ( 1 9 )  vanishes .  Thus, 

(18)  reduces  t o  

2 
L1p , ( r  -+. s 

U -7  ( r ,s)  = K - 7  e 5 (Adld3 -co 

I n  t e r m s  of t h e  s p a t i a l  f r e q u e n c i e s  f x  = L1p/Xdld3# f = 
Y 

L1q/Xdld3 and t h e  reduced c o o r d i n a t e s  r' = - ( d  /L ) r ,  s '  = 
2 2  

-(d /L ) s Equation (23) can  be wr i . t t en  as 2 2  
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2 
kL2 
j 2 
2d4d2 

where (22) ha 

j2r(fxr' + f s ' )  
e Y dfxdfy 

been used. Thus to within 4' 

fY) fY) 

dratic phas 

factor U (r', s ' )  is proportional to the inverse Fourier -7 

transform of the product G(fx, f ) H ( f x ,  fy). The light 
u Y -  

intensity in the output plane will therefore be proportional 

to the magnitude squared of this inverse Fourier transform or 

alternatively to the magnitude squared of the convolution of 

the input signal g(xfy) with the impulse response h(x,y). In 

particular, if no filter is w e d  H(p,q) = 1, h(x,y) = b(x,y) 

and the output intensity reduces to 

- ... 

5 .-d 

which as expected is an inverted image of g(x,y) that has been 

magnified by an amount L2/d2. 
- 

Design Criteria for the Optical Processor 

In designing the lensless processor for a particular 

application a compromise is often required between the magnifi- 

cation M = L2/d2, the actual size of the diffraction pattern 

in the transform (filter) plane, and the maximum spktial fre- 

quency that can be faithfully transmitted by the system in the 
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absence of  any f i l t e r i n g  i n  t h e  t ransform p lane .  This 

maximum s p a t i a l  f requency can be determined from t h e  cohe ren t  

t r a n s f e r  f u n c t i o n  which i s  equa l  t o  t h e  p u p i l  f u n c t i o n  of  t h e  

s p h e r i c a l  rnirror P(XL f I ,  XL f ' ) I r 2 .  This  coherent  t r a n s f e r  
2 x  2 Y  

f u n c t i o n  i s  de f ined  as t h e  r a t i o  of  t h e  frequency spectrum of 

t h e  image t o  t h e  frequency spectrum of  t h e  image p r e d i c t e d  by 

geomet r i ca l  o p t i c s .  The s p a t i a l  f r equenc ie s  fx l  and f ' are 

a s s o c i a t e d  w i t h  t h e  image coord ina te s .  HoweVer, t h e  s p a t i a l  

f r e q u e n c i e s  f and f r e l a t e d  t o  t h e  F o u r i e r  t r ans fo rm i n  ( 1 7 )  

are a s s o c i a t e d  w i t h  t h e  i n p u t  s i g n a l .  These t w o  sets o f  s p a t i a l  

f r e q u e n c i e s  are r e l a t e d  by t h e  magn i f i ca t ion  through t h e  

expres s ion  f = MfG . Thus, i n  t e r m s  of t h e  i n p u t  s p a t i a l  

f r e q u e n c i e s  t h e  cohe ren t  t r a n s f e r  f u n c t i o n  i s  g iven  by 

Y 

X Y 

X r Y  r Y  

P(hL2fx/M, AIJ f /M) = P(Ad2fx, Ad f ) . For a l e n s  ( o r  s p h e r i c a l  

mir ror )  o f  d iameter  D t h e  cu t -of f  f requency f i s  t h u s  g iven  
2 Y  2 Y  

0 

by 
- D f o  - ~ 2Ad2 

This  cu t -of f  f requency f o  corresponds t o  t h e  s p a t i a l  

f requency of an on-axis  o b j e c t  whose d i f f r a c t e d  l i g h t  j u s t  makes 

it through t h e  a p e r t u r e  of t h e  l e n s  (or  s p h e r i c a l  m i r r o r ) .  This  

i s  i l l u s t r a t e d  i n  F igu re  3 where t h e  s o l i d  l i n e  pas s ing  through 

t h e  c e n t e r  of an  o b j e c t  of width a belongs t o  t h e  bundle  of 

r a y s  which converge t o  a p o i n t  i n  t h e  t r a n s f e r  p l ane  a t  a 

d i s t a n c e  p from t h e  a x i s .  This  d i s t a n c e  corresponds to t h e  

maximum s p a t i a l  f requency 
0 
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- L1po 
fo - I d l d 3  

which w i l l  be  passed by an a p e r t u r e  of  d iameter  D.  From t h e  

geometry of  F igu re  3 one  can r e a d i l y  show t h a t  

- - d ld3  
PO d2L1 

so t h a t  one can o b t a i n  ( 2 6 )  by s u b s t i t u t i n g  (28) i n t o  ( 2 7 ) .  

Equation ( 2 6 )  i s  d e r i v e d  by cons ide r ing  t h e  o p t i c a l  system 

t o  be  s p a c e - i n v a r i a n t  ( i s o p l a n a t i c ) .  One would t h e n  e'xpect 

t h i s  cu t -o f f  f requency f t o  apply  t o  a l l  p o i n t s  i n  t h e  image. 

I n  f a c t ,  it does n o t  as shown by t h e  bundle  of dashed r a y s  i n  
0 

Figure  3 .  Ligh t  t h a t  i s  d i f f r a c t e d  i n  t h e  s i g n a l  p l a n e  a t  a 

d i s t a n c e  a/2 from t h e  a x i s  w i l l  on ly  pas s  through t h e  a p e r t u r e  

of d iameter  D i f  t h e  s p a t i a l  f requency i s  l e s s - t h a n  f = a 
L p /hdld3 as shown i n  F igu re  3 .  From t h e  geometry of t h i s  l a  
f i g u r e  one can show t h a t  f a  i s  r e l a t e d  t o  t h e  cu t -of f  f requency 

f g iven  by ( 2 6 )  by t h e  equat ion  
0 

Thus t h e  e f f e c t  of  t h e  f i n i t e  a p e r t u r e  i s  t o  reduce t h e  

maximum s p a t i a l  f requency t h a t  can be f a i t h f u l l y  t r a n s m i t t e d  

by t h e  system p r o p o r t i o n a t e l y  t o  t h e  r a t i o  a / D .  
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O p t i c a l  Process ing  of Random S p a t i a l  S igna l s  

A g e n e r a l  computer technique has  been developed f o r  gen- 

era a i n g  random s p a t i a l  p a t t e r n s  wi th  known s t a t i s t i c a l  char- 

acterist ics.  The technique  c o n s i s t s  of l o c a t i n g  a random 

p o i n t  i n  a two dimensional  space by means of an a p p r o p r i a t e  

random func t ion  gene ra to r  on a d i g i t a l  computer. Using a 

d i g i t a l  t o  analog conve r t e r  vo l t ages  a r e  obta ined  which auto- 

m a t i c a l l y  l o c a t e  t h e  random p o i n t  as a s p o t  on an o s c i l l o s c o p e  ~ 

f a c e .  

t e d  r a p i d l y  and photographed by s t anda rd  techniques .  These 

techniques  can be used, f o r  example, t o  s imula t e  the d i s t r i -  

bu t ion  of  s t a r s  i n  d i f f e r e n t  r eg ions  of  the sky. O p t i c a l  

i d e n t i f i c a t i o n  techniques  can then  be used t o  recognize  t h e  

d i f f e r e n t  random p a t t e r n s .  

A l a r g e  number of random p o i n t s  can t h e r e f o r e  be p l o t -  

One such p a t t e r n  produced i n  t h i s  manner i s  shown i n  

Figure 4 .  This  p a t t e r n  a c t u a l l y  consis ts  of a l a r g e  number 

of two-spot p a t t e r n s .  The d i s t a n c e  between t h e  two s p o t s  i n  

each case is  a c o n s t a n t  d. The  o r i e n t a t i o n  l i n e  j o i n i n g  t h e  

two s p o t s  i s  a random v a r i a b l e  t h a t  i s  uniformly d i s t r i b u t e d  

from 0 t o  2n r a d i a n s .  Thus t h i s  random p a t t e r n  i s  a c o l l e c -  

t i o n  of the two-hole p a t t e r n s  descr ibed  i n  P R  1, 

The o p t i c a l  p rocess ing  system descr ibed  above was used t o  

measure t h e  power spectrum of t h i s  random d o t  p a t t e r n .  The re- 

s u l t  a s  measured i n  t h e  t ransform p lane  of F igure  2 i s  shown i n  

F igure  5. The envelope of th is  power spectrum v a r i e s  a s  
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[J1 ( ~ ~ a f ~ ) / ' r r a f ~ ]  a s  desc r ibed  i n  PR1. This v a r i a t i o n  i s  

c l e a r l y  e v i d e n t  i n  Figure 5 and con ta ins  informat ion  about  

t h e  s p o t  diameter  a. 

A s  po in ted  o u t  i n  P R 1 ,  t h e  power spectrum should also 

c o n t a i n  informat ion  about  the s e p a r a t i o n  d i s t a n c e  d .  This 

in format ion  i s  conta ined  i n  a h ighe r  f requency modulation of 

t h e  s i n g l e  h o l e  t ransform.  To see i f  t h i s  in format ion  i s  

a c t u a l l y  conta ined  i n  F igure  5 a c o n t a c t  p r i n t  of t h i s  power 

spectrum measurement w a s  made and used as a s i g n a l  i n  t h e  

o p t i c a l  p rocessor .  A s  shown i n  P R 1  t h e  t ransform of  t h i s  

power spectrum i s  p ropox t iona l  t o  t h e  a u t o c o r r e l a t i o n  func- 

t i o n  of the o r i g i n a l  random p a t t e r n  i n  F igure  4 .  F igu re  6 

shows t h e  r e s u l t i n g  a u t o c o r r e l a t i o n  Zunction as measured i n  

t h e  t r ans fo rm p lane  of t h e  o p t i c a l  p rocessor .  The  circle 

surrounding the c e n t r a l  peak has  a r a d i u s  p r o p o r t i o n a l  t o  d. 

This  c i rc le  is  a d i r e c t  r e s u l t  of l i g h t  be ing  d i f f r a c t e d  by 

t h e  p r e d i c t e d  modulat ions of the s i n g l e  hole p a t t e r n .  A 

l a r g e r  p e r i o d i c  p a t t e r n  i s  a l s c  observed i n  t h e  au tocor re l a -  

t i o n  measurement. T h i s  r e s u l t s  from t h e  fac t  t h a t  t h e  random 

two-hole p a t t e r n s  were a c t u a l l y  arranged p e r i o d i c a l l y  on t h e  

scope when c o n s t r u c t i n g  F igure  4 .  This  i n h e r e n t  p e r i o d i c i t y  

while n o t  obvious i n  F igure  4 due to t h e  random o r i e n t a t i o n  of 

each i n d i v i d u a l  two-hole p a t t e r n  becomes q u i t e  e v i d e n t  i n  t h e  

a u t o c o r r e l a t i o n  measurement. 

T h i s  example shows t ha t  optical measurements o f  t h e  power 

spectrum and a u t o c o r r e l a t i o n  func t ion  o f  a random s p a t i a l  
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pattern contain important information about the statistical 

nature of the random signal. This information can be used to 

recognize random patterns with certain prescribed statistical 

properties. The example also shows that often the autocorrela- 

tion (or in general a corss-correlation) measurement provides 

the most useful information for pattern recognition applica- 

tions. 

I 
I 

The two-step procedure used above €or measuring the 

autocorrelation function is somewhat awkward and would be 

unsuitable in a real-time automatic control system appli- 

cation. What is needed for this case is a spatial filter 

i n  the transform plane proportional to G(f) so that the 

autocorrelation function will appear instantaneously in the 

output plane, Such a filter can be made holographically 

* 

which will then permit direct measurement of either the 

autocorrelation function or the cross-correlation with a 

known type of random pattern. Techniques are now being 

developed for making these types of spatial filters and using 

them for autocorrelation and cross-correlation meausrements. 
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MANUAL CONTROL SYSTEMS RESEARCH 

I. I n t r o d u c t i o n  

S ince  Oakland Un ive r s i ty  submi t ted  i t s  o r i g i n a l  p roposa l  

t o  NASA/ERC, several thin.gs have occurred  a t  t h e  Un ive r s i ty  

which have d i r e c t l y  a f f e c t e d  t h e  cour se  of manual c o n t r o l  systems 

r e s e a r c h  a t  t h e  i n s t i t u t i o n .  B r i e f l y  t h e s e  changes are: 

(1) The School of Engineer ing has  i n s t a l l e d  a Hybrid 

computing f a c i l i t y  c o n s i s t i n g  of  an IBM 1130 d i g i t a l  

computer and an E A 1  680  ana log  computer w i t h  t h e  

E A 1  693  i n t e r f a c e  package. Due t o  t h e  new dimensions 

t h i s  equipment adds t o  t h e  area of system i d e n t i f i c a -  

t i o n ,  it i s  f e l t  t h a t  a l l  f u t u r e  r e s e a r c h  i n  t h i s  

area should  be designed t o  make optimum use  o f  t h e  

Hybrid f a c i l i t y .  The wide range of computat ional  

t echn iques  made p o s s i b l e  by t h e  Hybrid computer 

i n c l u d e s  a l l  s ta te -of - the-ar t '  ana log  and d i g i t a l  

t echn iques ,  such as: cont inuous  parameter  t r a c k i n g ,  

r e g r e s s i o n  a n a l y s i s ,  o r thogona l  f i l t e r i n g  and 

d e s c r i b i n g  f u n c t i o n s .  A d d i t i o n a l l y ,  t h e  IBM 1 1 3 0 ' s  

core memory i n t e r f a c e d  w i t h  t h e  h igh  speed ana log  capa- 

b i l i t y  o f  t h e  EA1 680  enab le s  t h e  r e p e t i t i v e  a n a l y s i s  o f  

l a r g e  amounts o f  d a t a  i n  very s h o r t  p e r i o d s  of t i m e .  

Th i s  i t e r a t i v e  p r o p e r t y  can b e  used t o  o b t a i n  

fas ter  parameter  i d e n t i f i c a t i o n  t h a n  i s  p o s s i b l e  
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by any one-pass analog scheme. I t  w i l l  be shown 

l a t e r  i n  t h i s  chap te r  how t h e  Hybrid computer is 

be ing  used t o  g r e a t l y  improve t h e  cont inuous 

parameter  t r a c k i n g  method of parameter  i d e n t i f i c a -  

t i o n .  

( 2 )  Robert  White, a last-semester eng inee r ing  s t u d e n t  a t  

Oakland U n i v e r s i t y ,  has  designed and b u i l t  an a r m  

movement c o n t r o l  s t i c k .  This  u n i t ,  which i s  now 

o p e r a t i o n a l ,  i s  i n t e r f a c e d  w i t h  t h e  Hybrid f a c i l i t y  

and e n a b l e s  t h e  on - l ine  t e s t i n g  of  s u b j e c t s  u s i n g  

ana log ,  d i g i t a l  and/or Hybrid t echn iques .  Through 

t h e  d i sc  s t o r a g e  u n i t  on t h e  IBM 1 1 3 0 ,  o f f - l i n e  

data a n a l y s i s  i s  a l s o  p o s s i b l e  i f  t h i s  form of  

a n a l y s i s  proves  d e s i r a b l e .  F igu re  1 i s  a photograph 

of Oakland U n i v e r s i t y ' s  Hybrid f a c i l i t y  w i t h  t h e  a r m  

movement c o n t r o l  s t i c k  i n  t h e  foreground. 

( 3 )  Glenn A. Jackson r e c e n t l y  completed a p re l imina ry  

s tudy  i n t o  one a s p e c t  of  t h e  op t ima l  p r o p e r t i e s  of 

t h e  human o p e r a t o r .  This  r e s e a r c h  w a s  conducted 

under a Na t iona l  Sc ience  Foundation Grant [l] and a 

copy of t h e  t e r m i n a l  r e p o r t  i s  a t t a c h e d ,  s i n c e  it i s  

undoubtedly of  i n t e r e s t  t o  NASA/ERC. The main  

conclus ion  of t h i s  s tudy  w a s  t h a t  a l l  human o p e r a t o r s  

appear  t o  a d j u s t  t h e i r  mode of o p e r a t i o n  t o  minimize 

t h e  s a m e  c o n t r o l  c o s t  f u n c t i o n a l ,  whi le  t hey  are 

c o n t r o l l i n g  l o w  o r d e r  compensatory systems. There 
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a r e  s e v e r a l  i n t e r e s t i n g  extenssons t o  t h i s  work, t o  

b e  d i scussed  l a t e r ,  which can be s t u d i e d  i n  conjunc- 

t i o n  w i t h  o t h e r  a spec t s  of t h e  p r e s e n t  r e s e a r c h  

p r o j e c t  . 
11. Manual Cont ro l  Research A c t i v i t i e s  

S e v e r a l  avenues of r e sea rch  are a c t i v e l y  being pursued i n  

t h e  manual c o n t r o l  a r e a  a t  t h e  p r e s e n t  t i m e ,  This  work b u i l d s  

d i r e c t l y  on t h e  work of Jackson on t h e  above mentioned N S F  

p r o j e c t .  We. f e e l  t h a t  t h i s  NSF r e p o r t  i s  an important  f a c t o r  

i n  t h e  e x c e l l e n t  c o s t  e f f e c t i v e n e s s  achieved on t h i s  NASA/ERC 

c o n t r a c t .  For t h e  p a s t  month and f o r  t h e  remainder of t h i s  

c o n t r a c t  it is  expected t h a t  Jackson w i l l  devote  h i s  f u l l  

e f f o r t s  on t h e  hTASA/ERC t a s k s .  

The two p r o j e c t s  d i scussed  below d e a l  w i t h  f a s t  parameter  

i d e n t i f i c a t i o n  methods. F a s t  parameter  i d e n t i f i c a t i o n  i s  of 

g r e a t  i n t e r e s t  t o  people  working wi th  systems con ta in ing  a 

human o p e r a t o r ,  s i n c e  t h e  human i s  h ighly  adap t ive  and i s  known 

t o  modify h i s  mode of ope ra t ion  when any system c h a r a c t e r i s t i c  

i s  changed., I n  systems where any change i n  t h e  o p e r a t o r ' s  

c h a r a c t e r i s t i c s  could have d r a s t i c  consequences,  such as  those  

changes which occur  i n  a p i l o t  when h i s  a i r c r a f t  handl ing 

p r o p e r t i e s  change, f a s t  parameter  i d e n t i f i c a t i o n  could be t h e  

d i f f e r e n c e  between l i f e  and dea th .  Also, f o r  b a s i c  r e s e a r c h  

purposes ,  it i s  of i n t e r e s t  t o  determine how t h e  human o p e r a t o r  

adapts  when he i s  confronted wi th  sudden changes i n  t h e  s y s t e m  

he i s  c o n t r o l l i n g .  
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The p r o j e c t s  b e i n g  i n v e s t i g a t e d  r e p r e s e n t  d i f f e r e n t  

approaches t o  t h e  development of  h igh  speed i d e n t i f i c a h o n  

techniqLes which can be used t o  monitor t h e  changes which occur 
I 

i n  t h e  human o p e r a t o r  wh i l e  he i s  c o n t r o l l i n g  l o w  o r d e r  systems. 

These methods have p o t e n t i a l  a p p l i c a t i o n s  i n  such manual c o n t r o l  

systems as a t t i t u d e  c o n t r o l  of a i r c r a f t ,  a t t i t u d e  c o n t r o l  of  

s p a c e c r a f t  d u r i n g  r e - e n t r y ,  and automobile s t e e r i n g  i n  t h e  f a c e  

of  wind g u s t s .  

P r o j e c t  1 : 

White, under t h e  d i r e c t i o n  of Jackson,  i s  developing  

an i d e n t i f i c a t i o n  technique  which i s  e s s e n t i a l l y  a Hybrid 

m o d i f i c a t i o n  of  t h e  cont inuous parameter  t r a c k i n g  method 

p r e v i o u s l y  developed by Jackson [2] .  Two v a r i a t i o n s  of  

t h i s  method are t o  be i n v e s t i g a t e d ,  bo th  v a r i a t i o n s  us ing  

t h e  c ros sove r  model [3] as t h e  basic compensatory system 

model. The object  i n  each case i s  t h e  on - l ine  i d e n t i f i c a t i o n  

of t h e  c ros sove r  model parameters  K and T. This  i d e n t i f i -  

c a t i o n  w i l l  be  p o s s i b l e  over  s h o r t  i n t e r v a l s  of  t i m e ,  so  

t h a t  any sudden changes i n  human o p e r a t o r  c h a r a c t e r i s t i c s  

w i l l  be d e t e c t e d  a few seconds a f t e r  t hey  occur .  

A. Continuous Parameter  Trackina V a r i a t i o n  1: 

I n  t h i s  method t h e  com2ensatory system i n p u t  and 

o u t p u t ,  8 .  ( t) and e o ( t ) ,  are sampled f o r  a s h o r t  pe r iod  

o f  t i m e  (5  - 1 0  seconds)  w i t h  t h e  samples be ing  s t o r e d  

i n  t h e  IBM 1130. During t h e  nex t  t i m e  i n t e r v a l  (<1 

second) t h e  s t o r e d  va lues  w i l l  be  f e d  i n t o  a f a s t - t i m e ,  

1 
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analog ,  cont inuous parameter t r a c k i n g  model of t h e  

compensatory s y s t e m  ( i . e . ,  a c rossover  model).  However, 

s i n c e  5 - 10 seconds wcrth of d a t a  a r e  n o t  s u f f i c i e n t  

f o r  a parameter  t r a c k i n g  system t o  converge i n  t h e  

f a c e  of n o i s e  [23,  t h e  f a s t - t ime  system w i l l  i t e r a t e  

through t h e  same d a t a  s e v e r a l  t i m e s .  The i n i t i a l  

va lues  of K and T f o r  t h e  (n -I- l)St i t e r a t i o n  w i l l  be 

t h e  average va lues  of K ( t )  and T ( t )  determinated dur ing  

t h e  nth i t e r a t i o n :  

T 
( 0 )  = 1 J K n ( t ) d t  = En 

Kn+l 

T 

0 

A d d i t i o n a l l y ,  t h e  g r a d i e n t  ga ins  used i n  the parameter  

a d j u s t i n g  networks €or  K ( t )  and T ( t )  w i l l  be systema- 

t i c a l l y  reduced a f t e r  each i t e r a t i o n  t o  i n s u r e  smooth 

convergence even i f  a cons ide rab le  amount of n o i s e  i s  

p r e s e n t .  I t  i s  f e l t  t h a t  only 5 o r  6 i t e r a t i o n s  w i l l  

be  r equ i r ed  t o  g i v e  s a t i s f a c t o r y  convergence. Figure 2 

shows p o s t u l a t e d  p l o t s  of what t h e  parameter  K(t) w i l l  

look l i k e  f o r  th ree  i t e r a t i o n s  on t h e  f a s t - t i m e  model. 

( - r ( t )  w i l l  have comparable p l o t s , )  The r educ t ion  i n  t h e  

amount of f l u c t u a t i o n  i n  t h e  success ive  p l o t s  i s  a 

d i r e c t  r e s u l t  of t h e  parameter  adjustment  loop ga in  

r educ t ion .  
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I 
I t 

0 T 

I t 
0 T 

a) K, ( t )  = parameter 
t$acking vghue of 
K dur ing  i 
i t e r a t i o n .  

b) T and t are t i m e -  
s c a l e d  v a r i a b l e s  
he re .  

c) T h e  e s t ima ted  v a l u e  
of K i s  R, f r o m  t h e  
l as t  i t e r a t i o n .  

F igu re  2 :  Convergence of Parameter K ( t )  

f o r  Three I t e r a t i o n s  of t h e  
Tracking D a t a .  
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U t i l i z i n g  t h i s  method t h e  average va lue  o f  a 

parameter  e x i s t i n g  over  t h e  i n t e r v a l  [t tl + TI 

I w i l l  b e  known a t  t = tl + T + TI' where TI i s  t h e  

t o t a l  i t e r a t i o n  t i m e  r e q u i r e d  by t h e  fas t - t ime 

1' 

t r a c k i n g  system. The real-t ime sampling followed 

by t h e  fas t - t ime i t e r a t i o n  w i l l  be r epea ted  over and 

over d u r i n g  each s u b j e c t ' s  t r a c k i n g  t a s k .  A t i m e -  

sequence p l o t  of the basic method i s  g iven  i n  

F igu re  3 .  Again, only t h e  K estimate i s  shown f o r  

s i m p l i c i t y .  

€3. Continuous Parameter Tracking V a r i a t i o n  2 :  

I n  t h i s  method t h e  real-time sampling of t h e  

compensatory system and t h e  f a s t - t i m e  i t e r a t i o n s  i n t o  

t h e  cont inuous  parameter  t r a c k i n g  model w i l l  be done 

s imul taneous ly .  The compensatory system under t es t  

w i l l  have i t s  i n p u t  and o u t p u t  sampled a t  a f i x e d  r a t e .  

C a l l  t h e s e  samples Bi (nAt) and Bo (nAt) , r e s p e c t i v e l y .  

I f  it i s  assumed t h a t  N samples are used d u r i n g  each 

f a s t - t i m e  i t e r a t i o n ,  t h e n  t h e  i n p u t  and o u t p u t  s i g n a l s  

t o  t h e  fast- t ime parameter  t r a c k i n g  system dur ing  t h e  

f i rs t  i t e r a t i o n  w i l l  be 

N N 
Bi(nAt) 6 ( t o  - nAt) and n=l Oo(nAt) 6 ( t o  - nAt> n = l  

r e s p e c t i v e l y .  (to i s  t h e  time-scaled t i m e  v a r i a b l e ,  
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Fast-time iteration intervals 

\-I 
) !  3 CT+T1 .=---+-- 1 4 2 CTtTI1 ! T T+T1 

Real-time sampling of compensatory system 

0 
v-t 

Figure 3: A Time-Sequence Plot Indicating 
When Parameter Estimates are 
Determined. 
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and 6 ( t o  - nAt) i s  a d e l t a  f u n c t i o n  l o c a t e d  a t  to = 

While t h i s  f i rs t  f a s t - t i m e  i t e r a t i o n  i s  be ing  made, 

nAt. 1 

d 

new samples of e i ( t )  and e o ( t )  from t h e  r e a l - t i m e  system 

w i l l  have been taken .  Thus, t h e  second i t e r a t i o n  of 

t h e  fast-time model can use  i n p u t  and o u t p u t  s i g n a l s  

of 

Each i t e r a t i o n  w i l l  t h e r e f o r e  use  d new d a t a  p o i n t s  while 

d i s c a r d i n g  an  equa l  number of t h e  o ldes t  d a t a  p o i n t s  

stored. The g r a d i e n t  g a i n s  i n  t h e  t r a c k i n g  system w i l l  

a g a i n  be cyc led  up and down i n  o r d e r  t o  o b t a i n  good 

convergence. This  p a r t i c u l a r  Hybrid v e r s i o n  of con- 

t i n u o u s  parameter  t r a c k i n g  w i l l  n o t  be i n v e s t i g a t e d  

u n t i l  v e r s i o n  1 has  been f u l l y  tes ted,  s i n c e  s o m e  t y p e  

of t ime-shar ing  technique  w i l l  have t o  be developed 

b e f o r e  it can be implemented. 

P r o j e c t  2 

Jackson i s  developing  an i t e r a t i v e  Hybrid i d e n t i f i c a -  

t i o n  t echn ique  u t i l i z i n g  estimates by s t o c h a s t i c  approxi-  

mat ion [ 4 ] .  I n  p a r t i c u l a r ,  parameter  ad jus tments  w i l l  be  

made us ing  the Keifer-Wolfowitz a lgo r i thm discuFsed by 

Bekey and N e a l  a t  t h e  5 t h  Annual Manual Cont ro l  Conference 

E51 
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This is also an on-line Hybrid identification method 

which will operate on short lengths of sampled data from 

the input and output signals of the compensatory system. 

The fast-time implementation will use three different 

crossover models operating simultaneously on the same 

stored input and output data taken from the compensatory 

system. The model parameters will be fixed Over each 

fast-time iteration with the parameters stepwise adjusted 

after each iteration via the Keifer-Wolfowitz algorithm. 

During the nth iteration using one set of compensatory 

system input-output sampled data, Model 1 will have 

parameters K 

Model 3 parameters Kn, 'I:~ + dn. 
three performance indices will be measured: 

T ~ ;  Model 2 parameters Kn + cn, 'I:~; and 

During this n 
n' 

th iteration, 

where 1 lei] 1 is a norm of the error existing between the 
recorded compensatory system output and the output of the 
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th i c r o s s o v e r  model. The ad jus tment ,  as d ic ta ted  by t h e  

Keifer-Wolfowitz a lgo r i thm,  i s  

I 
= K + an(Jnl - Jn2)/cn Kn+ 1 n 

T n + l  = z n + b,(Jnl - Jn3) /dn 

where 

l i r n  an = l i m  bn = l i m  c n- n-tw n + m  n n- = l i m  dn = 0 

w i t h  A ,  B ,  C and D p o s i t i v e  c o n s t a n t s .  

The system w i l l  i t e r a t e  on one se t  of stored d a t a  

u n t i l  convergence of the  parameters  K and 'c i s  achieved.  

A t  t h i s  t i m e  new d a t a  w i l l  a g a i n  b e  sampled from t h e  

compensatory system and t h e  p rocess  w i l l  s t a r t  aga in .  

T h i s  w i l l  g i v e  a t i m e  p l o t  s i m i l a r  t o  t h a t  i n  F igu re  3 

above. A g e n e r a l  block diagram of t h e  method i s  g iven  i n  

F igu re  4 .  
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Figure 4: Block Diagram of a Stockastic 
Approximation Method! of Parameter 
Identification 
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111. F u r t h e r  S t u d i e s  

Once t h e  b a s i c  i d e n t i f i c a t i o n  techniques  d i scussed  above 

I 
I 

have been completely implemented, t hey  w i l l  be  used as v e h i c l e s  

f o r  several o t h e r  s t u d i e s .  

F i r s t ,  t h e  basic techniques  themselves w i l l  be analyzed 

and, h o p e f u l l y ,  improved. 

Second, t h e  basic t echn iques  w i l l  be used t o  e v a l u a t e  t h e  

manual c o n t r o l  r e s e a r c h  o r i g i n a l l y  proposed t o  NASA/ERC w i t h  

r ega rd  t o  cont inuous  parameter  t r a c k i n g .  Namely, can some f o r m  

o f  s t a t e  v a r i a b l e  error be used t o  improve t h e  speed of para-  

meter convergence ( r a t h e r  t han  us ing  simply o u t p u t  e r ro r ) ,  and 

can knowledge of t h e  remnant spectrum [ 6 ]  be used t o  f i l t e r  

o u t  t h o s e  p o r t i o n s  of ' the  remiant  which cause parameter  t r a c k i n g  

problems? 

Thi rd ,  t h e  b a s i c  techniques  w i l l  be  used t o  determine 

average K and T v a l u e s  f o r  new s u b j e c t s  i n  o r d e r  t o  s u b s t a n t i a t e ,  

o r  d i s p r o v e ,  J ackson ' s  hypotheses on t h e  o p t i m a l i t y  o f  t h e  human 

o p e r a t o r  d i s c u s s e d  i n  h i s  N S F  r e p o r t  [l]. I n  p a r t i c u l a r ,  can 

t h e  changes which are known t o  occur  i n  t h e  average K and T 

v a l u e s ,  due t o  v a r i a t i o n s  i n  t h e  i n p u t  s i g n a l  spectrum, be 

accounted f o r  by t h e  op t ima l  p o l i c y  developed i n  Jackson ' s  r e p o r t ?  

J ackson ' s  op t ima l  p o l i c y  f i t s  h i s  o r i g i n a l  d a t a  [2,71, b u t  needs 

f u r t h e r  t e s t i n g  and a n a l y s i s .  These tests can be run  a t  t h e  

same t i m e  e v a l u a t i o n s  of  t h e  parameter  i d e n t i f i c a t i o n  techniques  

are be ing  conducted, and t h u s  double  use  o f  t h e  tes ts  can be 

made. 
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A MODEL OF THE HUI4AN POSTURAL COKIXOL SYSTEM 

J.C. Hill 
Professor of Engineering 
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Roc he s t e  r , Mi chi gz n 

Abstract 

A nine degree of freedom pitch ax is  model of 
the human postural control system is proposed. 
Expressioqs f o r  the k ine t ic  and potential  ener- 
g ies  o f  t h 2  system a r e  derived. The t r u n k ,  t h i g h ,  
s h a n k ,  foo t ,  upper arm, forearm, and head are  
each madeled by a lumped mass a t  the element cen- 
t e r  of mass and an associated rotational i ne r t i a .  

Background 

Analysis re la ted  t o  an understanding of the 
human postural control system appears to be pro- 
ceeding on f ive  f ronts .  An excellent introduc- 
t ion  t o  the f i r s t  area,  ana ly t ic  representation 
of the force-velocity charac te r i s t ics  o f  human 
vuscle t i s sue  as an actuator,  is  provided i n  
Milhorn's account [ l]  of the work on Houk [Z]. 
This account i s  representative of a long preoc- 
cupation w i t h  muscle cha rac t e r i s t i c s  i n  r ep t i l e s ,  
small vertebrates,  and  people dating back to 
1935 [3]. 
work a r e  contained i n  Bahler [4], Vickers and 
Sheridan [5], Galiana [6], and Kagdalena a n d  
McRuer [ 7 ] .  
of in t e re s t  i n  this area. 

A second concentration of e f f o r t  has occurred 
i n  the  development of niodels f o r  the physiological 
sensors involved i n  the postural control system; 
see, f o r  example, the  work on the vestibular sys- 
tem by Wiery [SI and  Young [lo], and the  work on 
the muscle spindle receptor by Houk [1,2] and by 
Gottl ieb,  Agarwal , and Stark [ l l ] ,  and Agarwal , 
e t  a l .  [20]. 

A t h i r d  area,  stimulated by a long-term Air 
Force in t e re s t  i n  the  capabi l i t i es  of human pilots, 
is  the view of cer ta in  elements o f  the postural 
control system seen i n  the context of human oper- 
a to r  studies.  An entree t o  this area of research 
5s provided by the work of McRuer, Graham, 
Maydeleno, e t  a l .  [12-15], Shirley and Young [16], 
and Adams [17]; i t  i s  charac te r i s t ic  o f  t h i s  work 
t h a t  the human i s  seen from a black box viewpoint. 
The r e su l t s  a n d  techniques developed i n  these 
s tud ies  a re  beginning t o  f ind application i n  anel- 
y s i s  of the more prosaic eutomobile handling and 
control task; see Nier and IdcRuer [18] and 
Crossman [lg].  

Extensive references to  more modern 

The paper by Dewhurst [8] is a l so  

A fourth a rea ,  qu i te  d i s t i n c t  i n  viewpoint 
and methodology, is  provided by the work of  
FlcGhee and Tomovic [25] i n  the theory of quad-  
ruped locomotion [Zl-241. 

postural control systen f o r  which there is  some 
physiological support i s  provided by the  block 
diagram develaped by Houk [l,Z] and redram here 
a s  Figure 1 ,  which a l thwgh developed w i t h  refer-  
ence t o  the wrist-rotation reflex system, could 
i n  i t s  e s sen t i a l s  r e fe r  t o  the biceps-triceps 
pa i r  o r  t o  any other d i s t i n c t  agonist-antagonist 
combination. The areas of research ment-ioned 
above concern themselves w i t h  d i f fe ren t  aspects 
of t h i s  block diagram. Results from the muscle 
force-velocity experimental s tud ies  have led t o  
the form of the block diagram depicted i n  the 
pronator niuscle and supinator muscle blocks; re- 
s u l t s  from the se,i+or studies lead to  the form 
given f o r  the spindle receptor biocks, and human 
operator s tud ies ,  together w i t h  some physiolcgical 
support, 'lead t o  the  form presented f o r  tbe motor 
neuron complex: the  spicdle a f fe ren t  nerves, and 
the  a1 pha e f fe ren t  nerves. 

Such block diagrams usually ha% tw general 
charac te r i s t ics .  First , the  diagram "dead-ends" 
on the central nervous system block; apparently, 
t h i s  is  where science ends and  mysti:cism begins 
a t  our  present s t a t ?  o f  knowledge. Secondly, this 
complex diagram re l a t e s  t o  the control of a si?gle 
j o i n t  angle -- a one degree of freedom system, 
hardly represeritative of the  degree of muscular 
coordination comnonly exhibited by Kittens and 
Kids . 

A representative mechanistic view of the 

The work of McGhee [Zl-251 anti McRuer [12-151 
attempts t o  meet these objections i n  two d i f fe ren t  
ways. 

j n  the majority of McGhee's work, the  dynamic 
aspects of the system a re  suppressed, 2nd concern 
i s  centered en t i r e ly  on  t he  question of what corn- 
mand inputs s h o u l d  be issged to  the autopilot  con- 
s i s t i ng  of the  proprioceptive loops i f  i t  is as- 
sumed tha t  these loops function properly, o r  even 
be t te r ,  idea l ly .  k!hether the  leg motions t h a t  
make walking possible are prGduced by the central 
nervous system i n  a purely voluntary mode of oper- 
ation o r  :.rhetl;er a more autonomous type of re f lex  
a rc  i s  involved is ,  o f  course, a question of long 
s t a n d i n g ;  McGhee provides convincing evidence for  
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the l a t t e r ,  And shows tha t  useful quadruped ga i t s  
may be generated e i the r  by open loop (synchonous) 
o r  closed loop (asynchronous) d i g i t a l  networks. 
An open loop cont ro l le r  would cons i s t  of a clock- 
pulse driven shift r eg i s t e r  t h a t  issues leg com- 
mands a t  cer ta in  ins tan ts  i n  time, independent o f  
the actual s t a t e  o f  the leg system a t  those times, 
whereas changes i n  the state of a closed loop con- 
t r o l l e r  would be triggered by sa t i s f ac to ry  trans- 
fer of the  leg  system to  t h 2  previously companded 
s t a t e .  

importance of  McGhee's work is t h a t  i t  begins to  
ask and provide technologically useful answers to  
questions about how the heretofore unassailable 
central  nervous system m i g h t  xork, although i t  
appears unlikely t h a t  we will soon have d i r ec t  
physiological evidence t h a t  t h i s  i s  t h e  way i t  
- does work. , 

In McRuer's work, the known system dynamics 
a re  taken into account, and everything l e f t  over 
i s  lumped in to  a single black-box representation 
of the human operator performance, usually obtain- 
ed i n  the  form of a describing function fo r  the  
box: A par t icu lar ly  good example of t h i s  approach 
is contained i n  Reference 74. 
proach allows characterization of t h e  human oper- 
a t o r  i n  a way t h a t  has extrapolative power t o  basi- 
c a l l y  similar tasks ,  i t  has l i t t l e  synthetic power 
from the p o i n t  of view of this paper -- i t  t e l l s  
how the central  nervous system works i n  ce r ta in  
tasks,  but not why i t  works t h a t  way i n  c i r c u i t r y  
terms. This d i f f i c u l t y  i s  possibly due t o  tha 
lack o f  any well-established describing function 
inversion techniques f o r  describing functions t h a t  
a r e  both amplitude and frequency dependent [26]. 

From the point of view o f  this paper, the  

Although this ap- 

Finally,  t he  work of t he  General Elec t r ic  
corporation i n  the development of walking machines 
and remote manipulators should be mentioned [2728]. 
Rather than to  attempt the construction of a s e l f -  
su f f i c i en t  automaton, the G E  approach is to  imbed 
a human operator i n  a w a l k i n g  lalachine i n  such a 
way tha t  through the use of force re f lec t ing  ser- 
vos, the  coordination capab i l i t i e s  of the  operator 
a r e  used to  d i r ec t  the  machine's a c t i v i t i e s  a t  a 
much higher force leve l .  The concept i s  now being 
used i n  the development of off-road vehicles,  
machines f o r  increasing the  s t recgth  of an  indivi-  
dual i n  l i f t i n g ,  and a var ie ty  of o ther  applica- 
t ions .  The basic difference between the G E  re- 
search and  t h a t  c i t ed  previously is  tha t  G E  intends 
t o  u t i l i z e  a n d  extend the human muscular coordina- 
t ion  capab i l i t i e s ,  whereas the  o ther  approaches 
a re  directed tok;ards a n  eventual replzcement of 
the human, o r  toward purely s c i e n t i f i c  ends. 

I t  i s  the purpose of this paper t o  pursuz 
the  behavior of the postural control system i n  a 
d i f fe ren t  direction than those out1 ined abwe. We 
would 1 ike to  progress tonward an understanding, 
from a systems point of view, of how some of the 
simpler common examples o f  large-scale human mus- 
cu lar  coordination ( fo r  example, deep kne?-bends) 
m i g h t  be carried out ,  with the hope tha t  soincone 
m i g h t  eventually develop an understanding O F  some 

of the  more spectacular examples ( l i ke  playing 
basketball). 

To this end, i t  would be j u s t i f i a b l e  to  
gloss over some of the f i n e  points other investi-  
gators have developed i n  the hope tha t  taking 
such l i b e r t i e s  will r e s u l t  i n  a systems model 
mure appropriate t o  the large-scale phenomena we 
want t o  study; f o r  example, only the  gross fea- . 

tures of muscle force-velocity charac te r i s t ics  
will be retained on  the grounds t h a t  from the 
point of view of understanding coordination, 
everything else known a b o u t  muscle is i r re levant  
de ta i l .  

In more abs t rac t  language, we would l i ke  t o  
develop an understanding of the  goal-oriented i n -  
tegration of a number of proprioceptive loops 
into a more complete organism. We would accept 
simplified models of the  i n d i v i d u a l  loops t o  the 
extent necessary to achieve adequate complexity 
a t  the overall system leve l ,  w i t h  the goal of 
eventually achieving the development of a six 
degree-of-freedom simulation capable of predic- 
t ing human capabi l i t i es  and l imi ta t ions  i n  un-  
tested s i tua t ions .  

I t  is proposed t o  study t h i s  problem by 
means of sirnulation. A simplified,  "pitch axis 
only" computer model of a hunian involving arms, 
legs, f ee t ,  head, and an ( i n i t i a l l y )  r i g i d  torso 
will be developed which can be dropped from 
various i n i t i a l  o r ien ta t io ix ,  w i t h  the objective 
being to  survive impact w i t h  a ground plane and 
return to an e rec t  position. The wrk will fo l -  
low the familiar pattern o f  simulation of a corn- 
plex aerospzce system: continuing devel opnent of 
the simulation will i n t e rac t  w i t h  continuing 
gathering o f  experinental data a s  c r i t i c a l  ques- 
tions a re  posed and understanding o f  the system 
progresses. 

necessary t o  provide command inputs t o  the pro- 
prioceptive loops would be more o r  less  obvious 
from a consideration of the dynamic requirements 
o f  the spec i f ic  task t o  be performed, depending 
on the complexity o f  the task. 
easy task should be selected f i r s t .  

Our thes i s  i s  t ha t  the control algorithms 

Obviously, an 

Kinetic and Potential Energies f o r  the Model 

tions of motion of the postural control system 
model by use of Lagrange's equations, expressions 
fo r  the  potential and k ine t ic  energies of the 
system are  needed. A derivation of these expres- 
sions follows. 

dicated i n  Figure 2 ,  the to ta l  system k-inetic 
energy may be expressed a s  the sum o f  the point 
mass kinetic ecergy and the k ine t ic  energy due t o  
the d i s t r i t z t e d  nature of the arms, legs,  e t c . ,  

In carrying o u t  the  derivatfon of the equa- 

In terms of the generdlized coordinates i n -  

The distributed kinetic energy i s  due only 
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t o  rotation of the various elements, and is eas i ly  
obta-ined a s  = ' " H T R ~ T R  (6) 

The absolute velocity o f  the  CG o f  the 
t h i g h  is  then 

~ T H / O  = XTH/H XH/O 

= ' TH:~Y%~ ' XH/O 
. *  . 

= 'THMy?y ' 'He! ' 'HTRETR 
The k ine t ic  energy due to  the p o i n t  masses 

i s  more d i f f i c u l t  t o  obtain,  as i t  involves re- 
pe t i t i ve  application of the r e l a t ive  velocity 
theorem together w i t h  a l o n g  chain o f  coordinate 
resolutions t o  enable expression of the  kinetic 
energy of each point mass i n  the form 

T = l/2t4(Va2 + V t )  
where Va and vb  a re  velocity components 
along any s e t  o f  perpendicular axes, usually a 
s e t  chosen to  provide as much analytical  simpli- 
c i t y  as possible. A derivation of t he  Vay Vb 
components fo r  each of the masses follows. 
absolute velocity o f ,  say, the c.g. of the t r u n k  
i s  denoted by ~ T R / Q ,  while the r e i a t ive  velocity 
o f ,  say, the  h i p  w i t h  respect t o  the c.g. of the 
t r u n k  is  denoted by ~ H / T R .  

U n i t  vectors i n  a var ie ty  of directions a re  
indicated on the diagram, and are  denoted by, for  
example, I& and 9. 

must no:$ be obtained a l o n g  any convenient s e t  of 
orthogonal axes, the  choice of which varies during 
the analysis.  

The 

(See l i s t  of symbols). 

The velocity components of each mass p o i n t  

Ee have 

(3) 

$t!/TR = 'TRMe% (4) 

Using the r e l a t ive  velocity theorem, the ab- 
so lu te  velocity of the h i p  can be expressed as the 
r e l a t ive  velocity o f  the h i p  w i t h  respect t o  the 
c.g. of the t r u n k  p l u s  the absolute velocity of 
t he  t r u n k :  

XH/O = XH/TR ' 
= 'TRMe$e 

Resolving in to  
the vector addition 

XH/O = 'TTRM'3e 
+ [i  sine 

  TRIO 
+ igx + 3$y (5) 

ue, 8 coordinates so tha t  
can b$ performed, 

+ [-k cose + 9 si ne]^^^ 

+ 3 coselxTR 

a, 

Similarly,  the  absolute velocity o f  the  
knee is  given by 

XK/O = XK/H ' XH/O 

= [aTHy - bTTiiMe - cose a t j sin8)cosy 

t (2 sine t 9 cose)siny]u QY 

+ [-(i sine t 3 cose)cosy 

The absolute velocity 
mass o f  the  shank i s  given 

+ 9 sina)siny]gTH 

. (9) 

of the  center of the  
bY 



I - ('l-rRMe - R cos0 + 9 sine)cosy t (k s i n 8  

t 3 cose)siny]sin61RsH 

The absolute ve loc i ty  of t h e  ankle i s  obtain- 

(101 

ed by subs t i tu t ing  "H f o r  ~ S H I " ~  i n  equation ( J O ) ,  
giving 

G/o = {ESHB + [ i  TH v - (iTRMi - R cose 

+ 9 s i n e ) c o s ~ ] c o s ~  - C-(k s i n 8  

t 9 s i n e ) s i n ~ ~ s i n a ] b  t [-{aSH; 

+ [ E ~ ~ Y  - ( i T R M e  - R cos8 

t sine)cosy]cos~ - [-(k sine 

t y cose)cosy - (iTRMe - R cos8 

+ 9 sine)sinBIcosa + [ - ( i  sine 

t 9 cose)cosy- (iTRpf - k cose 

+ j s i n e ) s i n y l c o s ~  - [iTHy - ( ~ ~ ~ , ~ e  

- R cose t 9 sin8)cosy + (k sine 

+ 9 c o s ~ ) s i n v ] s i n ~ ~ s i n ~ ] ~ ~ ~  (1 2 )  

Expressions f o r  the absolute ve loc i t ies  of 
the shoulder, upperarm, and forearm a re  ob- 
tained i n  s imi la r  fashion: 

Resolving in to  &, 8 coordinates, the 
absolute velocity o f  the iaoulder i s  obtained 
as 

t s / o  = - (RTR - tTRp1)ete + [-A c o s  

+ 3 sinejx, t [R sine t 9 coselxTR 

= [-(E,, - iTTRjYl)e - k cose t 9 

+ [ A  sine t 3 cose]xTR (14) 
- 
The velocity of the c.g. o f  the  upper arm 

4s then given by equation (15): 

flUA/O = %JA/S ' xS/O 
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The ve lcc i ty  of  the forearm c.g. is  obtained 
by the r e l a t ive  velocity theorem as  

- - 5( cose + j sine]coss 

+ [k s ine  + j c o s 6 ] s i n ~ 5 ] c o s ~ 3 ~ ~ ~  (19) 

Finally,  the absolute velocity o f  the head 
c.g. is  given by 

~ H D / O  = XHD/S ' Ls/o 
= aHD&gs ~ s / o  (20) 

Resolving in to  t6, tHD coordinates, 

XHD/O = faHDfqc - [-(?'TR - RTRM)e - cos0 

+ j sine]coss - [ A  sine + j cose]sinc)u 

+ {-[-(iTR - eTRM)i - A cose 

t j s ine ls ins  + [k sine 

Y 

+ 9 c o s e ] c o s ~ l ~ ~ ~  (21 1 

Equations (31, (8?, (101, (121, (161, (191, 
and (21) give the velocity components o f  the  
t r u n k ,  t h i g h ,  shank, foo t ,  upper arm, forearm, and 
head respectively; thece components a r e  obtained 
i n  several d i f f e ren t  coordinate systems. 

k ine t ic  energy o f  the t r u n k  is  
By combining equations (1) and (12), the  

From (1) and (8), the kinetic energy o f  the 
t h i g h  is  

+ {[-(A sine + j cose)cosy - (!+-,Me 

- cose + j sine)siny cosg - [eTHy _. 
- (eTRMe - k cos8 + j sine)cosy f R sine 

+ J cose)sinylsing>cosa + {eSH; + CP.,,~ 

- (eTRMe - k cose + 9 s ine )cos~ lcosg  

- [ - ( A  sine + j cose)cosy - (eTRMe 

- R cose + j sine)sing}sina ]? + [ -,e,,B 
+  THY - (LTRMe - cos6 

+ J sine)cosy]cosg - [ - ( A  sine 

+ J cose)cosy - (eTRMe - k cose 

+ y sine)sing}cosa + [ - ( 2  sine 

+ 9 cosa)cosy - (iTRM - I( cose 
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- k coso + 9 sine)cosy + (k  sine 

t j c o s e ) s i n y l s i n ~ ~ s i n a  1'1 (25) 
J 1  

which c lear ly  makes one wonder i f  i t  is worth 
the e f f o r t .  

the  upper arm i s  
From (1) and  (16), the kinet ic  energy of 

L 

+ [-(eTR - ~ , . ~ ~ ) e  - k cose + 9 s ine ls ins  
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where M i s  t he  to t a l  mass of the s t i ck  man, g i s  
the  qravitational acceleration, and  the  V i  a r e  
constants obtained by comparison of equations 
(38) and (39). 

Lagrange's equations, i n  the form 

d aT_ aT aV 
d t  aq, aq, aqi i 
- (  . ) - -y  t - = Q  

where the  q i  a r e  the  system generalized coordi- 
nates and the Qi a re  the  generalized forces 
a r i s ing  from muscular contraction, require par- 
t i a l  d i f fe ren t ia t ion  of the system kinetic energy 
a s  given by equation (29) w i t h  respect t o  a l l  the  
generalized coordinates and t h e i r  derivatives and 
par t ia l  d i f fe ren t ia t ion  of the system potential 
energy as given by equztion (33 )  w i t h  respect t o  
the  generalized coordinates. W i t h  no spptoxima- 
t ions ,  the  resu l t ing  expressions are too lengthy 
f o r  inclusion here; d ig i t a l  computer symbolic 
processing techniques t o  a s s i s t  i n  carrying out 
the  more laborious and error-prone calculations 
w i t h  g rea te r  r e l i a b i l i t y  a r e  being investigated. 

Concl us ion 

Successful completion o f  the derivation 
would provide a pitch-axis model o f  the human 
postural control system, Val i d  f o r  la rge  angular 
deflections o f  the  j o i n t s ,  which could be simu- 
la ted  by standard analog o r  d i g i t a l  simulation 
techniques. 

This simulation would include the dynamic 
force-velocity charac te r i s t ics  of the  muscles i n  
addition t o  the dynamics of the controlled object.  
I t  would then be possible to  investigate the  de- 
sign of control laws [29] which, when incorpora- 
ted i n t o  the simulation, could be tested f o r  
agreement w i t h  experimental data on human subjects 
performing the same tasks. 

a l  control system equations of motion has been 
carried to  the point where i t  c l ea r ly  i s  advis- 
able t o  u t i l i z e  a d ig i t a l  computer t o  do the book- 
keeping involved i n  the coordinate transformations 
and the  subsequent par t ia l  d i f fe ren t ia t ion  re- 
quired by Lagrange's equations. Certainly the  
poss ib i l i t y  of ever extending the model t o  the 

In this paper, the derivation of the postur- 

f u l l  number of degrees o f  freedom of the human 
body biould require such an organized " infa l l ib le"  
approach. 
t h i s  problem are  currt.ntly being investigated 
i n  terms of the  present problem. 

Computer techniques fo r  ass i s t ing  i n  

Acknowledgments 

T h i s  work was supported by the  Office of 
Control Theory and  Applications of the  Elec- 
t ron ics  Research Center, h'ational Aeronautics 
and Space Administration under Grant P!GR-ZrWC03. 

TR 
TH 
SH 
FT 
HD 
UA 
FA 
H 
K 
A 
T 
S 
E 
N 

J~~ 

J~~ 

UA 

FA 

J~~ 

FT 

M1.R 

M~~ 

M~~ 

'$H 

M~~ 

MUA 

Subscript Conventior! 

x u n k ,  CG thereof 
THigh, CG thereof 
SHank, CG thereof 
FOOL, CG thereof 
I Heag, CG thereof 
&per Arm, CG thereof 
- Fore rm ,  CG thereof 
- Hip 
- Knee 
- Ankle 
- Toe 
Shoulder 
- El bow 
- Neck 

- 
- 
- 

- 

List of Symb- 

Moment f i ne r t i a  a f . t runk ,  

Moment of i ne r t i a  of Read, 

sl ug-ft 3 

slug-ft2 
Moment f i ne r t  

Moment f i ne r t  

Moment f i ne r t  

Sl ug-f t 3 

sl ug-f t 8 
SI ug-ft 9 

a of upper arm, 

a o f  fore  arm 

a of t h i g h ,  

Moment f i ne r t i a  of foo t ,  sl ug-f ,8 L 

!.lass of t r u n k ,  slugs 

Mass of head, slugs 

Mass of upper arm, slugs 

Mass of fore  arm, slugs 

Mass of t h i g h ,  slugs 

Mass o f  foDt, slugs 
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%R 

%A 

%H 

k .  

%OM 

%AM 
%AM 

?HM 

%HM 

~ F T M  

Q / O  

ISH 

% RE1 

. .  

CT/O 

CT/A 

Q/O 

%/TR 

$A/ 0 

4 A /  S V 

GI0 

CA/O 

YFA/ E 

b D / O  

%ID/ S 

%TRIO 

~ / T R  

%/O 

h / O  

XT ~j H 

Length of t r u n k ,  f t  

Length of upper arm, f t  

Length O F  t h i g h ,  f t  

Length of shank, f t  

Length o f  foot,  f t  

Distance from h i p  t o  t r u n k  CG, f t  

Distance from shoulder t o  head 
CG, f t  
Distance from shoulder t o  upper 
arm CG, f t  
Distance from elbow t o  fore arm 
CG, f t  
Distance from h i p  t o  thigh CG, f t  

Distance from knee t o  shank CG, f t  

Distance from ankle t o  foot ,  C G , f t  

Absolute velocity of ankle CG 
wrt or ig in ,  f t j s e c  
Absolute ve loc i ty  of foot  CG 
wrt or ig in ,  f t / s ec  
Relative velocity of foot CG 
wrt ankle, f t / s e c  
Absolute velocity of shoulder 
wrt o r ig in ,  f t / s ec  
Reletive velocity o f  shoulder 
wrt t r u n k  CG, f t / s ec  
Absolute ve loc i ty  of upper arm 
CG wrt or ig in ,  f t / s ec  
Relative velocity of upper arm 
CG wrt shoulder, f t / s e c  
Absolute velocity of elbow wrt 
shoulder, f t / s ec  
Absolute velocity o f  fore arm CG 
wrt or ig in ,  f t / s ec  
Relative velocity O F  fore  arm CG 
wrt elbow, f t / s e c  
Absolute velocity of head CG 
wrt or ig in ,  f t / s ec  
Relative ve lcc i ty  o f  head CG 
wrt shoulder, f t / s e c  
Absolute velocity OF t r u n k  CG 
wrt or ig in ,  f t / s ec  
Relative velocity o f  h i p  wit 
t r u n k  CG, f t / s e c  
Absolute velocity of h i p  wrt 
or ig in ,  f t / s ec  
Absolute ve loc i ty  of t h i g h  CG 
wrt or ig in ,  f t / s ec  
Relative' velocity of t h i g h  CG 
wrt h i p ,  f t / s ec  

Absolute velocity of knee wrt 
or ig in ,  f t / s e c  
Relative velocity of knee wrt 
h i p ,  f t / s ec  
Abso'lute ve loc i ty  of shank CG 
wrt or ig in ,  f t / s e c  
Relative ve lac i ty  of shank CG 
wrt knee, f t / s ec  

Angle of t r u n k  w i t h  respect t o  
vehicle, radians, posit ive CW 

Angle o f  upper arm w i t h  respect 
t o  t r u n k ,  radians, posit ive CCW 

Angle of head w i t h  respect t o  
t r u n k ,  radians, posit ive CW 

Angle of fore  arm w i t h  respect t o  
upper arm, radians, posit ive CCW 

Angle of t h i g h  w i t h  respect t o  
trunk, radians, posit ive CCW 

Angle of shank with respect t o  
t h i g h ,  radians, posit ive CCW 

Angle of f o o t  w i t h  respect t o  per- 
pendicular t o  shank, radians, posi- 
t i v e  CW 

Horizontal displacement of t r u n k  
CG, f t  
Verticle displacement of trunk 
CG, f t  

U n i t  vector i n  posit ive x direction 

bit vector i n  posit ive y direction 

U n i t  vector directed from h i p  t o  
t r u n k  CG 

U n i t  vector d i rec t fd  from h i p  t o  
t h i g h  CG 
Unitvector directed from knee t o  
shank CG 

U n i t  vector directed from ankle t o  
foot CG 
Unit vector directed from shoulder 
t o  head CG 

Uni t  vector directed from shoulder 
t o  upper arni CG 

m i t  vector directed from elbow t o  
fore  arm CG 

-r 

U n i t  vector i n  directiori of i n -  
creasing e 
U n i t  vector i n  direction of i n -  
creasing y 

U n i t  vector i n  direction of  i n -  
creasing e 
U n i t  vector i n  direction of i n -  
creasing cc 
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9 

M 

1. 

2. 

3. 

4. 

5. 

U n i t  vec tor  i n  d i r e c t i o n  of in -  
c r e a s i n g  6 

U n i t  vector  i n  d i r e c t i o n  of i n -  
c r e a s i n g  E 
U n i t  vec tor  i n  d i r e c t i o n  of i n -  
c r e a s i n g  c 

Potent ia l  energy, s l u g - f t  
Poten t ia l  energy o f  t r u n k ,  s l u g - f t  

Poten t ia l  energy o f  th igh ,  s l u g - f t  

P o t e n t i a l  energy of  shank, s l u g - f t  

Poten t ia l  energy o f  f o o t ,  s l u g - f t  

Poten t ia l  energy o f  upper arm, 
sl ug-f t  
Poten t ia l  energy o f  f o r e  arm, 
sl ug-f t  
Poten t ia l  energy of  head, s l u g - f t  

Constants i n  p o t e n t i a l  energy ex- 
press ion ,  s l u g - f t  

Kine t ic  energy, s l u g - f t  
Kine t ic  energy o f  t r u n k ,  s l u g - f t  

Kinetic energy of  t h i g h ,  s l u g - f t  

KinetSc energy of  shank, slug-ft 

Kine t ic  energy of f o o t ,  s l u g - f t  

Kinet ic  energy of  upper arm, slug-ft 
Kine t ic  energy o f  f o r e  arm, slug-ft 
Kinet ic  energy of head, slug-ft 
Gravi ta t iona l  a c c e l e r a t i o n ,  
32.18 f t / s e c 2  
Total  system mass, s lugs  
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FIGURE 1. Postura l  Coqtrol System Block Diagram (From Milhorn, a f t e r  Houk) 
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x, y ARE COGEDINATES OF 

TRUNK CENTER OF MASS 

FIGU-RE 2 .  Coordinate System for Postura l  Control System #ode1 
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A P P E N D I X  I11 

C a l c u l a t i o n . o f  t h e  d i e l e c t r i c  c o n s t a n t  

of a suspens ion  of symmetric e l l i p s o i d s  

i n  a s imple s h e a r  flow. 
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APPENDIX 111 

Calculation of the dielectric constant of a suspension 

of symmetric ellipsoids in a simple shear flow. 

Flow Analysis 

In sheared suspensions at steady state in couette flows 

the motion of ellipsoids has been mathematically described 

by Jeffreys and experimentally verified by Mason. 

These descriptions give the motion in terms of the angles $ 

and A shown in Figure 1. If steady state is assumed., then 

in rotational diffusion the probability density functions 

for distribution in the angles $ and A are inversely pro- 

portional to the angular velocity w of the particles. Hence 

5 6 , 7 , 8  

cons t 
W h  p(X) = 

Now given that the particle is orientated somewhere in the 

field 

n 2 n  
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t h e  c o n d u c t i v i t y  i n  a given d i r e c t i o n  nay be then  found as 

1 I f  t h e  p a r t i c l e s  are randomly d i s t r i b u t e d  then  p ( $ )  = - 
271. 

. 1 and p(X) = - 

t e r m s  of  $ and h s i n c e  

From geometry t h e  angle  O 3  can be w r i t t e n  i n  
7r 

2 

2 .  
2 - t a n  h 

t a n  4 0 3  - cos 

Then 

K + Kb a - - 
Kr - 2 (A5  1 

Given t h e  random uniform d i s p e r s i o n  of e l l i p s o i d s  t h e  

d i e l e c t r i c  c o n s t a n t  measured w i l l  be assumed t o  be  K given r 
by t h i s  equa t ion .  I t  should be noted  t h a t  t h e  d i e l e c t r i c  

c o n s t a n t  of a suspens ion  of a x i a l l y  symmetric e l l i p s o i d s  

which are uniformly d i s p e r s e d  a t  random o r i e n t a t i o n s  i s  t h e  

average of t h e  d ie lec t r ic  c o n s t a n t  when a l i g n e d .  This  i s  

independent  of whether t hey  are o b l a t e  o r  p r o l a t e  e l l i p s o i d s .  

This  average q u a n t i t y  which i s  e a s i l y  measured can be  used 

for  de te rmining  t h e  shape of: p a r t i c l e s  and f o r  e s t i m a t i n g  

K and Kb and hence t h e  r e l a t i v e  dimensions of p a r t i c l e s .  a 
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I n  a s h e a r  f l o w  t h e  p a r t i c l e s  are n o t  randomly d i s t r i b u t e d  

i n  o r i e n t a t i o n  and do  n o t  r o t a t e  a t  a c o n s t a n t  angu la r  

v e l o c i t y .  The c a l c u l a t i o n  of t h e  d i e l e c t r i c  c o n s t a n t s  t h e n  

r e q u i r e s  a knowledge of t h e  d i s t r i b u t i o n  p r o b a b i l i t i e s  p ( $ )  

and p ( 8 ) .  These p r o b a b i l i t i e s  can  be c a l c u l a t e d  from J e f f r e y s  

a n a l y s i s  by us ing  t h e  r e l a t i o n  between t h e  ang le s  or  o r i e n t a -  

t i o n  and t h e  o r b i t s  c o n s t a n t  C ,  f o r  a p a r t i c l e .  

(A6 1 re 
2 2 2 1 / 2  tan e2  = 

( r e .  cos + s i n  $1 

Where re i s  t h e  a x i s  r a t i o  of t h e  e l l i p s o i d  of  r e v o l u t i o n .  

The c o n s t a n t  (C)  of t h e  o r b i t  i s  determined by t h e  ang le  a t  

which t h e  a x i s  of t h e ' e l l i p s o i d  i s  o r i e n t a t e d  t o  t h e  p l ane  

of s h e a r  and i t s  d i s t r i b u t i o n  i n  a random d i s p e r s i o n  would 

be uniform. I n  a s h e a r  s i t u a t i o n  t h e r e  i s  no t h e o r e t i c a l  

r eason ,  i n  t h e  l i m i t  of Stokes f low,  t h a t  t h i s  w i l l  change. 

The c o n d u c t i v i t y  f o r  a f i x e d  o r b i t  c o n s t a n t  C may then  be 

c a l c u l a t e d  as fo l lows :  

I f  t h e  e f f e c t  of Brownian motion on t h e  p a r t i c l e  d i s t r i b u -  

t i o n  i s  n e g l e c t e d ,  t h e n  i n  t h e  s t e a d y  s ta te  
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The angular velocity of particles in Couette shear flow 

(derived theoretically by Jeffreys using Stokes flow 

approximations) may be expressed f o r  the shear flow shown 

in Figure 1 as: 

2 
sin 2e2 sin 24 G re - w = -  

e 2  re2 + 1 

for a symetrical ellipsoid. Using the condition from 

Equation (Al) together with Equation (A7b) gives 

I. 2 ~ r  (re 

Let us first consider the 

direction (parallel to shear 

flow) . 
From Equation (8b) 

1 

cosL+ i- sin'@) 

1 
2 dielectric constant in the X 

planes, perpendicular to the 

this can be expressed as a function of the angle Q by using 

Equation (AG;) expressed in the form: 
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Then for a f i x e d  C t h e  d i e l e c t r i c  c o n s t a n t  KI1 can be 

expressed  as 

I n t e g r a t i n g  u s i n g  p ( 4) f r o m  Equation ( 3 8 )  g ives :  

= Kb + ( K a  - Kb) Fa. (A101 

The dielectr ic  c o n s t a n t  f o r  a suspens ion  wi th  t h e  o r b i t s  

( C )  d i s t r i b u t e d  w i t h  a p r o b a b i l i t y  d i s t r i b u t i o n  p ( C )  can b e  

found as 

2 = i p ( C )  K221) dC 

C 

= Kb + (Ka - Xb) 5 
where 

S i m i l a r l y  t h e  d i e l e c t r i c  c o n s t a n t  i n  t h e  X1 d i r e c t i o n  can 3 
be found us ing  t h e  r e l a t i o n s  t h a t  
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2 T T t  t a n  Cp = re  t a n  - T 

and 
2 T T t  t a n  h = C r e  s i n  - T 

Note: T is t h e  p e r i o d  of  r e v o l u t i o n  of a p a r t i c l e .  

BY s o l v i n g  f o r  t a n 2  A i n  t e r m s  of t a n  

t a n 2  h may be  shown t o  be e q u a l  t o  

2 4 

2 2 ( C r e 1 2  t a n  ~p 
2 .  tan h = 

( C r e 1 2  + t a n  + 

Now f r o m  geometry 

2 2  
(A151  

2 - . t an2  - - C re 
e3 - t a n  2 Q, ( C r e ) 2  + t a n  2 !  ~p 

cos 

then 

2 
= Kb ( K a  - Xb) COS O3 K33 

1 

2 2  
(A16  1 dc re )  

2 = Kb + (Xa - Kb) 
( C r e I 2  + t a n  ~p 



The d i e l e c t r i c  c o n s t a n t  i n  t h e  X d i r e c t i o n  i s  found us ing  

t h e  r e l a t i o n s  
1 

1 2 - Kll = Kb + ( K a  - Kb) COS 
! 

From geonet ry  

cos 8 = cos 0 t a n  X 1 2 

Then u s i n g  Equat ion ( A 9 )  f o r  O2 and Equat ion (A14) f o r  t a n  X 

I n t e g r a t i n g  w i t h  p ( 4 ) '  f r o m  Equat ion (38) g i v e s  : 

K l l j  = Kb 3. (Ka-Kb) e 3 H + 1  
[2 ( C r e )  2+re2+1] [ ( C r e )  2+1] [€I-D] C 

1 

where 

then  
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m 
i 

5 1  1 = J P(C) Klly dC . 
0 C 

a, i 
Since  IK and Kb are independent  of C and J P(C) = 1 a 

0 t h i s  may b e  w r i t t e n  as 

where 

= Kb -k (Ka - Kb) 51  

( A 2 1 a )  

0 

The e v a l u a t i o n  o f  t h e  d i s t r i b u t i o n  p(C) o f  t h e  o r b i t  c o n s t a n t  

f o r  a suspens ion  i s  nex t  r e q u i r e d  t o  determine t h e  d i e l e c t r i c  

c o n s t a n t .  The parameter  C may range from 0 t o  00. C = 0 

corresponds t o  t h e  symmetric a x i s  of t h e  e l l i p s o i d  be ing  

pe rpend icu la r  t o  t h e  s h e a r  p l anes  and C = 00 corresponds t o  

t h e  syrnmetry a x i s  of the  e l l i p s o i d  r o t a t i n g  i n  t h e  p l ane  of 

t h e  flow which corresponds  t o  t h e  e l l i p s o i d  having t h e  ang le  

e2 = g o o .  

N o  t h e o r e t i c a l  p r e d i c t i o n  of  t h e  d i s t r i b u t i o n  of C w i th  

flow ra te  have been made. Two hypotheses  have been proposed, 

however. 

1. J e f f r e y s  assumed t h a t  t h e  e l l i p s o i d s  would e v e n t u a l l y  

ro ta te  i n  such a way as t o  minimize t h e  energy d i s i -  

p a t i o n .  T h i s  t heo ry  p r e d i c t s  t h a t  

p(C) = 1 f o r  C . =  0 

p(C') = 0 f o r  C > 0 



2 1  

' A l l  t h e  e l l i p s o i d s  would be a l l i g n e d  wi th  t h e i r  

symmetr ical  axes  pe rpend icu la r  t o  t h e  s h e a r  p l a n e s  

1 if a/b < 1 o r  p a r a l l e l  t o  t h e  shear p l anes  i f  a/b > 1. 

The c o n d u c t i v i t y  w i t h  t i m e  across s h e a r  p l a n e s  would 
a approach Ka w i t h  a < 1 o r  K b b b 

assumption. 
9 

w i th  - > 1 us ing  t h i s  

2.  E i s e n s h i t z  assumed t h a t  P ( C )  remained t h e  s a m e  

whether a t  r e s t  o r  i n  motion, so t h a t  every  o r b i t a l  

c o n s t a n t  C w a s  e q u a l l y  probably.  

The f i rs t  assumption g i v e s  t h e  r e s u l t s  shown i n  F igu re  3 

curve ( A ) .  S ince  it has  been demonstrated t h a t  J e f f r e y ' s  

hypotheses  i s  n o t  correct,  w e  w i l l  assume a uniform d i s t r i -  

b u t i o n  o f  t h e  o r b i t a i  c o n s t a n t  ( t h e  E i s e n s c h i t z  assumption) I 

I n  t h i s  case t h e  p r o b a b i l i t y  t h a t  a p a r t i c l e  a x i s  i s  between 

C = 0 and C i s  

S u b s t i t u t i n g  Equat ion ( A 7 )  i n t o  Equation ( A 2 2 )  g i v e s  

dP(C) is 
. dC Since  t h e  p r o b a b i l i t y  d e n s i t y  d i s t r i b u t i o n  p(C) E 

needed, d i f f e r e n t i a t i o n  g i v e s  
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I 

' 2  P(C) = 71- 

IT - 

I- O 

This  equa t ion  i s  of t h e  form of an e l l i p t i c  i n t e g r a l  i f  t h e  

c o e f f i c i e n t s  of t h e  s i n 2  Cp t e r m s  range between 0 and 1. 

re < 1 t h i s  i s  no t  t r u e  and a change i n  form must  t h e r e f o r e  

be made. F i r s t  t h e  numerator i s  expanded as :  

For 

2 C 
2 3 / 2  P(C) = - 

IT ( l + C )  

I) g ives :  Changing t h e  v a r i a b l e  by l e t t i n g  4, = - - IT 
2 

IT - 
2 1 / 2  11 - (1 - re 

1 - re 
s i n 2  $1 2 

+ 1l3I2 s i n  

2 C re 

I ) r 2  d$ 

2 

1 + ( C r e )  

P ( C )  = - IT 

2 

(A251 

This  i s  a complete e l l i p t i c  i n t e g r a l  of t h e  second k ind .  
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+ c  
1 2 

1 + - (ere) re22 Y2 3/2 [ 2 C r e  P ( C )  = - 
[ Kre) + 11 m 

The o t h e r  cas2  o f  i n t e r e s t ,  i . e . ,  re > 1 are found d i r e c t l y  

f r o m  Equat ion ( A 2 6 )  as:  

There are t w o  cases where t h e s e  i n t e g r a l s  can be expressed  as 

s imple c l o s e d  s o l u t i o n s .  

1. The f i r s t  i s  t h e  case where re = 1. This  corresponds 

t o  a sphe re  (Hydrodynamically).  For t h i s  ca se  

C 
2 3/2 P(C) = 

( 1 + C )  

2 .  For  t h e  second case re = 03 (an  i n f i n i t e l y  long r o d ) .  

2 P ( C )  = 
m r ( l  t c21 

The f a c t o r s  Fi are t h e n  c a l c u l a t e d  us ing  t h e  p r o b a b i l i t y  

d i s t r i b u t i o n s  w i t h  Equat ions ( A l l ) ,  ( A 1 9 )  and ( A 2 1 a ) .  The 

r e s u l t s  are shown p l o t t e d  i n  F igu re  3 .  
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1. SUMMARY 

The purpose of t h i s  research  w a s  t o  determine t h e  e r r o r  cos t  func- 

t i o n a l  used by human opera tors  while con t ro l l i ng  low order  compensatory 

c o n t r o l  systems. The systems inves t iga t ed  weye l imi ted  t o  those  cases 

where t h e  model of  t h e  forward loop of t h e  c o n t r o l  system -- including 

human opera tor  and cont ro l led  element -- w a s  s a t i s f a c t o r i l y  represented 

by the  McRuer crossover  model. 

of a ga in  K,  a time-delqy T, m d  a s i n g l e  in t eg ra t ion .  

This forward loop model cpsis ts  gn t f r e ly  

T h i s  simple model 

is appl icable  f o r  a f a i r l y . w i d e  range of low,grder  cont ro l led  elements,  

when t h e  crossover model is appl icable ,  t he  two It was shown t h a t  

model parameters,  K and T~ are e f f e c t i v e l y  adjusted t o  minimize the cost 

func t iona l  

- _T__ 

J = e 2 ( t >  + ac  2 ( t >  

with t h e  cons t r a in t  

2 
T = BK, 0.01 < f3 < 0.12 seconds - - 

c - 
e2 is t h e  mean squared con t ro l  system e r r o r  and c2' is t h e  mean squared 

value of con t ro l  e f f o r t .  6 i s  inverse ly  propor t iona l  t o  a s u b j e c t ' s  

c losed loop bandwidth, and thus  v a r i e s  between s u b j e c t s ,  and even wi th in  

t h e  same subjec t  a t  var ious  s t ages  of t r a i n i n g .  For a given con t ro l  

system, a i s  a constant  t h a t  doesn ' t  change e i t h e r  between sub jec ts  or 



I 

with subject  pract ice .  

being coqtrolled and becomes smaller a s  the control  t a s k  becom, 9s rmre 

d i f f i c u l t ,  

However, a does change with the type of system 

The conclusion i s  drawn t h a t  a l l  subjects optimize t h e  same cost 

funct ional  when given the  same control  Task. 

however, due t o  t h e i r  varying a b i l i t i e s  i n  processing high frequency 

signals. 

e a s i e r  tasks ,  than on harder Tasks.  

They perform di f fe ren t ly ,  

The subjects  penalize control  e f f o r t  t o  a greater extent on 

2. 
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A. In t roduct ion  - 
Since t h e  start of World 

FINAL RFPORT 

W a r  I1 i n t e r e s t  i n  manual c o n t r o l  systems 

has been r ap id ly  increas ing  C11. 

done i n  t h i s  T e a  has been aimed a t  determining t h e  c h a r a c t e r i s t i c s  of 

t h e  human opera tor  while he 4s func t ioning  as t h e  c o n t r o l l e r  i n  a b a s i c  

compensatory c o n t r o l  t a s k  C21. 

placed i n t o  a c o n t r o l  system described by t h e  block diagram i n  F i g w e  I, 

The s i g n a l  N( t )  i s  Gaussian w h i t e  no i se ,  and t h e  input  f i l t e r  is l o w  

pass with a cut-off frequency of 1 t o  4 rad ians  p e r  second, 

t r Q l l e d  element, Y ( s ) ~  is  of l o w  order ,  usu.ally second or less, 

A considerable  amount of t h e  research  

I n  t h i s  type of t a s k  t h e  operacor is 

The con- 

a 

Thpough t h e  e f f o r t s  of many d i f f e r e n t  r e sea rche r s ,  and by s r ch  

diverqe experimental  techniques as random input  descr ib ing  func t ions  

C31, parameter t r a c i i n g  [4,5], and orthogonal f i l t e r i n g  [SI, s e v e r a l  

facts pe r t a in ing  t o  t h e  human opera tor  have been v e r i f i e d ,  One of- the 

more important of these  f ind ings ,  and one which i s  d i r e c t l y  r e l a t e d  t o  

t h e  research  being repor ted ,  involves t h e  human ope ra to r ' s  descr ib ing  

func t ion .  For l o w  order  cont ro l led  elements 

human opera tor  a d j u s t s  h i s  mode of o p e r a t i ~ n  

loop of  t h e  compensatory system has  t h e  form 

(second or l e s s ) ,  t h e  

so t h a t  t h e  e n t f r e  forward 

c71 

eo  -' K P S  - ( s )  = 7. e S 

It  appears t h a t  whepever t h e  system c h a r a c t e r i s t i c s  a r e  changed, t h e  

human opera tor  immediately changes h i s  descr ib ing  func t ion  s o  t h a t  t h e  

forward-loop descr ib ing  func t ion  r e t a ins  t h e  form given above. The 

3 .  
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magnitudes of K and T depend upon e i ( t ) ,  t h e  cont ro l led  element, and 

t h e  sub jec t  being t e s t e d .  

This simple forward-loop model, c a l l e d  t h e  "crossover model" by 

McRuer e t .  al .  C71, f i t s  t h e  human operator describing func t ion  da tG 

extremely w e l l  over  t h a t  po r t ion  of t h e  frequency spectrum where input 

power i a  s i g n i f i c a n t ,  and i n  t h e  reg ion  where t h e  absolu te  magnitude of 

t h e  forward-loop descr ib ing  func t ion  is  un i ty ,  

mainly determines closed-loop response, t h e  closed-loop crossover model 

is  a very rea l i s t ic  approximation t o  t h e  compensatory system, 

Since t h i s  l a t t e r  reg ion  

In  1967 Jackspn [8] published t h e  r e s u l t s  of a parameter t r ack ing  

study t h a t  i nd ica t ed  t h e  compensatory con t ro l  system of Figure 3 could 

be adequately madeled by t h e  approximate crossover model of Figure 2.  

I n  t h i s  study t h e  parameters K and T were d i r e c t l y  measured, and were 

found t 9  change i n  d e f i n i t e  p a t t e r n s  as a func t ion  of input  badnwidth, 

sub jec t  p r a c t i c e ,  and order of t h e  cont ro l led  element E93 

B. Purpose of t h e  Present Research 

I n  p r e - t e s t  o r i e n t a t i o n ,  t h e  sub jec t s  t o  be t e s t e d  i n  a compensarory 

c o n t r o l  t a s k  a r e  simply t o l d  t o  "keep t h e  e r r o r  e ( t >  as s m a l l  as possTble 

a t  - all times." 

what cos t  f u n c t i o n a l  i s  t h e  human t r y i n g  t o  minimize when he "keeps t h e  

e r r o r  as small as possible?" 

i n  some sense, or a t  l e a s t  t r y i n g  t o  be. 

t o  determine t h i s  optimizing func t iona l ,  and t o  determine how t h i s  func- 

t i o n a l  can be used i n  both t h e  mathematical desc r ip t ion  of t h e  human 

The question inves t iga ted  i n  t h i s  research was: Exactly 

I t  is  n a t u r a l  t o  assume t h a t  he i s  optimum 

The present  research is intended 

Operator's c o n t r o l  a c t i o n s ,  and i n  manual c o n t r o l  system design, 

5. 



Figure 2 Approximate Crossover Model o f  The Compensatory System 
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I 
~ 

There appear t o  be few r e s u l t s  i n  t h e  l i t e r a t u r e  t h a t  w e  d4rec t ly  

r e l a t e d  t o  t h i s  probiem. 

McRuer, e t .  al .  [ S , l O l  have pos tu la ted  t h a t  t h e  human minfmIr=2 

t h e  mean squared e r r o r  subjec t  t o  s t a b i l i t y  consmainrs  on t h r  

compensatory con t ro l  system. 

given verba l ly  i n  very general  terms so t h a t  no mathematical 

However, t h e  cons t r a in t s  are 

form for t h e  minimizing func t iona l  and assoc ia ted  cons t r a in t s  

is given. 

T t  has been shown [ll] t h a t  fo r  Gaussian input systems when 

t h e  meaq squared e r r o r  i s  minimized seve ra l  o the r  e r r o r  scores 

are a l s o  minimized, i nd ica t ing  t h a t  t he  determination of a 

unique minimizing func t iona l  i s  probably not poss ib le .  

Systems Technology, Inc ,  (STI) r ecen t ly  published a summary 

of qew techniques which they hope t o  use i n  determining t h e  

;FunctiQna& which shows why t h e  form of t h e  crossover model i s  

used by t h e  operator [121. 

- 

The present  research  is  d i f f e r e n t  from t h e  STI approach i n  t h a t  it 

is  assumed from t h e  staTt t h a t  t h e  approximate crossover model i s  a 

good compensatory system model. ( I n  fact ,  t h e  only cases analyzed were 

those  i n  which t h e  approximate crossover model had proven to  be excep- 

tionaJ1y good.) 

why p a r t i c u l a r  subjec t$  a d j u s t  t h e  K and T parameters t o  t h e  values they 

do; why K and T change with input  bandwidth; why K and T d i f f e r  between 

sub jec t s ;  and why K- and T change with p r a c t i c e ,  

The optimal po l icy  sought w a s  t h a t  po l icy  which explained: 

The d a t a  used i n  t h i s  ana lys i s  are from previous t e s t s  ou t l ined  fn 

d e t a i l  in re ference  [a]. 

7 .  



C, A Unique Property of K and T. 

I n  t h e  parameter t racking  tests repor ted  i n  re ference  e81, The K 

and r paramaters of t h e  model of  Figure 2 were d i r e c t l y  measured, 

was done f o r  s i x  sub jec t s :  

c o n t r o l l i n g  a 5/s2 element. 

I, 1/2, and 1/4 seconds were a l l  used, and K and T values determined 

T h i s  

t h r e e  con t ro l l i ng  a 5/s element and thrqez 

In  each case input  f i l t e r  time constants of 

for each condition during each day of t r a i n i n g .  

One important property of these  d a t a ,  which w a s  no t  discussed i n  

t h e  p r e v i w s  a n a l y s i s ,  i s  t h a t  i n  t h e  cases where t h e  approximate cross-. 

over model was except iona l ly  good$<, K and T are highly co r re l a t ed ,  

c o r r e l a t i o n  e x i s t s  a t  a given tes t  condi t ion ,  between sub jec t s  and even 

for t h e  same sub jec t  on d i f f e r e n t  days during the  t r a i n i n g  period, 

This 

In  Tables 1 and 2 i n  t h e  Appendix t h e  d a i l y  average values of K and 

T are giver, f o r  each sub jec t  a t  

approximate crossover model was 

are 

(2) YC(s) = 5 / s ,  T = 

(2 )  Yc(s> ? 5 / S ,  T = 
A 

each of t h e  tes t  conditions where t h e  

exceptionally good e These tesr cofidit i L;; - 

1 second, 

1 / 2  second, 

(3) Y c ( s )  = 5 / s ' ,  T = 1 second. 

In  Figure 3 t h e  d a t a  po in t s  for these  conditions are p l o t t e d  along with 

t h e  l i n e a r  regress ion  l i n e  f o r  each condition. 

c i e n t s  aye a l s o  given i n  t h e  f i g u r e .  

The co r re l a t ion  coe f f i -  

$c"Exceptionally good" is  taken t o  be those  cases where t h e  power i n  the 
error between model output and compensatory system output is less than 
10% of t h e  pOwer out of t h e  compensatory system. 
is t hus  > 90%. This i nd ica t e s  t h a t  t h e  model i s  accura te  and t h a t  the 
human opera tor  is  f a i r l y  l i n e a r .  

The,Power Match [ 8 ]  

8 .  
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' I t  is  important t o  re-emphasize a t  t h i s  po in t  that K and : &re 

l&arJ.y r e l a t e d ,  i n  s p i t e  of t h e  f a c t  t h a t  t h e  da t a  involves  diff-erent  

sub jec t s  and var ious  i n t e r v a l s  i n  each s u b j e c t ' s  t r a i n i n g  per iod ,  

In  t h e  remainder of t h i s  r e p o r t  it w i l l  be shown t h a t  -the ccrrd.6- 

,-er t i o n  e x i s t i n g  between K and T can be a t t r i b u t e d  t o  an apparent param-- 

opt imiza t ion  of t h e  approximate crossover model. 

when K and 7: of t h e  model a r e  ad jus ted  t o  minimize a p e a l i s t i c  per for -  

i 
It will be shown t h a t  

mance index a t  a given t e s t  condi t ion,  t h e  optimum values  of  K and r f a i l  

on essent iaJ- ly  t h e  same l i n e a r  r eg res s ion  l i n e s  as found i n  Figure 3 ,  

D. Revelopment of an Optimal Pol icy 

When t h e  compensatory por t ion  of Figure 1 is rep laced  by t h e  apprsx- 

imate crossover  model of Figure 2 ,  t h e  normalized mean squwed c o n t r o l  

system error (NMSE) ;For t h e  model is  as shown i n  Figures 4 and '5 f o r  

input  f j l t e r  time cons tan ts  of 1 aod 1/2 seconds,  r e spec t ive ly .  Each 

set of curves hqs NMSE as a func t ion  of K with T as a paramerer., Super- 

imposed on each of these  sets of curves is  t h e  l o c a t i o n  of t he  assoc ia ted  

K-T r eg res s ion  l i n e  from F igure  3 .  From a casual s tudy of Figures  4 and 5 

it i s  no t  ev ident  t h a t  t h e  sub jec t s  have ad jus ted  K and T t o  optimize 

NMSE i n  any recognizable  manper. 

To account for t h e  c o r r e l a t i o n  e x i s t i n g  i n  t h e  experimental  values  

of K and T, t h r e e  p o s t u l a t e s  a r e  developed. 

Rat ionale  f o r  Pos tu l a t e  1: A t  any s t age  of t r a i n i n g ,  each sub-jecr 

undoubtedly has  t h e  c a p a b i l i t y  o f  opera t ing  t h e  closed loop compensatory 

system a t  some maximum bandwidth. Fu r the r ,  t h e  c losed  loop bandwidth c m  

be approximated by t h e  n a t u r a l  freqilency of t h e  compensatory system. 

10. 
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This approximation is reasonable s ince  the input  power a t  frequencies 

above t h e  n a t u r a l  frequency is  extremely low [81. I n  terms of t h e  moss- 

over model t h e  closed loop n a t u r a l  frequency, w is n’ 

If it is assumed t h a t  each sub jec t  runs t h e  compensatory system ax his 

maximum bandwidth, and t h a t  t h i s  max5mum ‘is f i x e d  during a given i n t e r v a l  

of  h i s  t r a i n i n g ,  then 

E= constant = B = Bandwidth i n  radians/second, 

2 
T Z - K  

B2 
o r  

T = B K .  

Under t h e  conditions assumed, Equation (1) can be c9nsidered.as a con- 

s t rc i in t  on any optimal adjustment of t h e  parameters K and 7 which might 

be t ak ing  place.  I t  should be emphasized t h a t  “B” i n  EquaTion (1) will 

be d i f f e r e n t  f o r  d i f f e r e n t  s u b j e c t s ,  and d i f f e r e n t  f o r  t h e  same sub-jec? 

during various i n t e r v a l s  of h i s  t r a i n i n g  per iod ,  Emperically, B can be 

2 determiped t o  be i n  t h e  range 0 . 0 1  < B < 0.12  seconds - - 

Postu la te  1: 

model (compensatory con t ro l  system) is copstrained by Equation (1): 

T = BK, 0.01 - < B - < 0.12 ,  

po in t  i n  t r a i n i n g ,  on a given t racking  t a s k .  

Any parameter optimization of t h e  approximate crossover - 

B i s  f ixed  for a given s u b j e c t ,  a t  a giver! 

13 



Rationale for Postu la te  2 :  4 genera l  performance index i n  optimal 

c o n t r o l  theory ,  and one t h a t  seems in tu i t ’ ive ly  reasonable f o r  the humn 

opera tor ,  involves t h e  combination of c o n t r o l  system error and contr.cP 

e f f o r t .  Using t h e  nota t ion  of Figure 1, one fom of t h i s  index is 
L 

or 
- - 

2 2 J = e  + a c  
- 

2 where E { * I  i s  t h e  s ta t i s t ica l  average, e 

of t h e  t r ack ing  e r r o r ,  e ( t ) ,  and c 

is  t h e  mean squared value 

is t h e  mean squared value of f h 2  
7 

2 

con t ra l l ed  variable, c ( t ) .  a is a constant.  

Pos tu l a t e  2: 

is Equation ( 2 ) :  J = e2 f ac . 
The performance index befng minimized by +ha human operarot. 

/. 

7 - 
2 

Pos tu la t e  3: 

l i n g  one of t h e  elements discussed i n  Section C i s  a two-step process 

The con t ro l  stFategy of t h e  human operator w h i l e  corirp+i.- 

cons i s t ing  of: 

(1) Forcing t h e  compensatory system i n t o  t h e  form of t h e  approximate 

crosswer model. 

Minimizing t h e  performance index ( 2 
- - 

2 2 J = e  + a c  

v i a  a parameter adjustment t h a t  is  constrained by the  r e l a t i o n  

T = BK. 

It should be noted t h a t  p a r t  (1) of Pos tu la te  3 has already been proven, 

while p a r t  (2) has no t .  
. 



E. Analysis of t h e  Pos tu la ted  S t ra tegy  

To eva lua te  t h e  optimal s t r a t e g y  pos tu la ted  above, and t o  determine 

t h e  value of ci for each tes t  condition, a d i g i t a l  computer program wa2 

developed t o  generate J f o r  t h e  approximate crossover model, This w h 5  

done for t h e  following conditions:  

Condition I: - Y ( s )  = 5 / s  and T = 1 second. 
C 

Condition 2: 

In  these  cases t h e  t ransfer  func t ion  r e l a t i n g  c ( t )  t o  e ( t >  must be 

Y ( s )  = 51s and T = 1 / 2  second. 
C 

so t h a t  t h e  e n t i r e  forward loop remains as t h e  approximate crosso.ve.r 

mpdel 

2 Condition 3: Yc(s) G 5,'s and T = 1 second. 

Here, 

so t h e  approximate crossover model is re t a ined .  Figures 6a and 6b show 

t h e  compensatory system models for t h e  t h r e e  condi t ions ,  

I n  terms of t h e  block diagrams of Figure 6 ,  t h e  performance index 

can be reduced t o  t h e  following i n t e g r a l  forms. 

15. 



Figure 6 Compensatory System Models for Two Controlled Elements 
Based on Approximate Crossover Model 
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@ (ja) is  t h e  power s p e c t r a l  dens i ty  of  t h e  s i g n a l  N( t ) ,  Assuming NN 

when Y c ( s )  = 5/s (Conditions 1 and 21, and 

2 when Y ( s )  = 5 / s  

by d iv id ing  by e* a t  K = 0. 

(Condition 3) .  These equat ioqs were a l s o  normalized 
, -  

C 

The normalizat ion f a c t o r  happens t o  be 

3/16T i n  all, cases, under t h e  assumption t h a t  N( t )  is a white no ise  

source with u n i t y  power l e v e l .  The so lu t ion  of t hese  equat ions w a s  

accomplished by use of t abu la t ed  so lu t ions  of  Pa r seva l ' s  Theorem C131, 

under t h e  c o n s t r a i n t ,  T = 6K. 

A programmed search of t h e  so lu t ions  t o  Equations (3)  and (4 )  was 

made i n  The fol lowing manner. With a, B and T f i x e d ,  min J was determined. 

This was done f o r  var ious values  of a, B and T i n  order  t o  f i n d  t h a t  value 
K,-c 

of a which, f o r  a given Y (s) and T ,  would y i e l d  K and T values  equivalent  

t o  those  present  on t h e  sub jec t  regress ion  l i n e s  i n  Figure 3. 

C 

If t h e  

pos tu l a t ed  s t r a t e g y  is c o r r e c t ,  and i f  a l l  s u b j e c t s  a r e  minimizing t h e  

same f u n c t i o r a l  at a given t e s t  condi t ion ,  then t h e  optimum values  of K 

17. 



azd T should f a l l  03 t h e  regress ion  l i n e s  of Figure 3 ,  regaTdlezs af .the 

value t o  which Es i? fixed. This w a s  indeed Shawn t o  be t h e  case, 

The r e s u l t s  of t h e  computer analysis may be summarized as f o l l o w :  

For Conditian 1: Y (s) = 5/s arid T = 1 second, a = 2.5, 
- C - c_ 

2 2 
f 2 . 5 ~  The min J with J = e 

0.01 < - -  B < 0.08, occurs a t  values of K and T which f a l l  e s s e n t i a i l y  on 

and T = BK, where B is any f ixed  value 
K ,T 

t h e  sub jeq t ' s  Yc(s) = 5 / s ,  T = 1 regress ion  l i n e  of Figare 3. 

For Condition 2: 

The min J with J = e2 + 0 . 2 5 ~  

Y ( s )  = 5/$ and T = 1/2 second, a = 0.25, 
C - - 

2 and T = BK, where B is any f i x e d  value 
KYT 

0.01 < - -  B < Q.08, occurs a t  values of K and T which f a l l  essentia12y on 

t h e  subject's Y (s)  F 5 / s ,  T = 1 / 2  regress ion  l i n e  of Figur.e 3, 
C 

2 For Condition 3: Y,(s> z 5/s and T = 1 second, a = 0 ,  
, " "  - 

2 The min J with J = e 

0.12, occurs a t  values of K and'T which fall e s s e n t i a l l y  on rhe  subject's 

and 'I = BK, where B is  any f ixed  value 0.07 - .c B *: - 
K,'I 

Y ( s )  = 5/s2, T = 1 regress ion  l i n e  of Figure 3. 
C 

The optimum values of K and T f o r  s eve ra l  values of B a r e  given i n  

Figures 7 ,  8 and 9 f o r  Conditions 1, 2 and 3 ,  r e spec t ive ly ,  These 

f i g u r e s  i n d i c a t e  t h e  s t rong  r e l a t i o n s h i p  between t h e  K--r r egress ion  l i n e s  

of Figure 3 and t h e  optimum K-r  values derived from t h e  pos tu la ted  per- 

formance index'. 

F. Conclusions and Extensions 

Con c l u  s ions 

From t h e  d a t a  supmarized i n  Figures 7-9 s e v e r a l  t e n t a t i v e  conclusims 

can be drawn. 

18 
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(1) The pos tu la ted  optimum s t r a t egy  y i e l d s  crossov2r m2del pars- 

meters which a r e  i n  c lose  agreement with t h e  d a t a  obtained from 

s ix  s u b j e c t s  and two controlled elements which were avdi ldble  

for ana lys i s .  Thus, t h e  hypothesis t h a t  s u b j e c t s  i n  comperiszirry 

c o n t r o l  systems e s s e n t i a l l y  minimize t h e  performance ind2.x 

J -= e f QC f o r  t h e i r  associated crossover model, m d e r  t h e  
- - 
2 2 

c o n s t r a i n t  T = BK, appears v a l i d  and warrants fur-ther experirnzcrai 

analysis. 

(2) Far  a given tes t  condition a unique value of a i n  t h e  pe r fo r -  

mance index J = e - 2 -  
t crc2 e x i s t s  which is t h e  same f o r  a l l  

s u b j e c t s .  The 6's i n  t h e  cons t r a in t  T = BK, however, vtiry 

between subjects. The conclusion can be d r a m  t h a t  ali sd>- je.xs 

minimize t h e  same performance inflex, but a r r i v e  ar d i f f e r e n  c 

para-meter values due t o  the  s u b j e c t ' s  varying ab i l i t i es  i n  

controlLing h igher  frequency conponenrs. 

(3) T e s t  Conditions I, 2 and 3 are arranged i n  o rde r  of increas ing  

task d i f f i c u l t y .  The value of c1 shows a d e f i n i t e  tendency 

decrease as t a s k  d i f f i c u l t y  increases .  This implfes t h a t  

s u b j e c t s  pena l ize  con t ro l  e f f o r t  more on e a s i e r  rasks  than they 

do f o r  harder  t a s k s .  They can "keep t h e  e r r o r  small" and srill 

conserve con t ro l  energy.when t h e  t a s k  i s  easy., However;, as 
. .  

t h e  t a s k  becomes harder  t h i s  i s  not  t r u e ,  and they  thtis t m d e  

off c o n t r o l  e f f o r t  i n  favor of reducing t h e  system e m o r ,  which . .  

is t h e  assigned t a sk .  
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E-Atensions : 

(1) Since only s i x  sub jec t s  were used i n  obta in ing  the experimentdl 

data from which t h e  p o s t u l a t e s  w e r e  drawn and eva lua ted ,  _ ; t . ,~ id l  

a d d i t i o n a l  sub jec t s  should be run to  see  i f  t h e i p  model. coef- 

fzc ien ts  f a l l  on t h e  same reg res s ion  l i n e s  as found for t h e  

first subjects, This extension has been s t a r t e d ,  and i s  making 

ex tens ive  use of both the  equipment pwxhased under t h i s  g r a d ,  

and Oakland Universi ty  ' s  new Hybrid computer f aci l fzy 

(2 )  If the p o s t u l a t e s  are c o r r e c t ,  t h e  changes i n  the  values  of K 

and T for a given t r a i n e d  s u b j e c t ,  due t o  small var4a t ions  i n  

the spectrum of t h e  input  signal, should b e  p red ic t ab le ,  

in terest ing a r e a  of  research  would be t o  see if t h i s  pcedli-tfor! 

can indeed be made. 

An 
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H. Appendix 

Subject  Tracking Data 

Each K and T value  i n  t h e  fol lowing tables was determined by a.rtrig- 

ing over those  K-r 

These experimental  

Subject  No. 

i 2 

, I  

values  determined i n  5 two-minute t r ack ing  tasks, 

tests a r e  discussed a t  length i n  re ferences  [8,9], 

Day of 
Training 

2 
2 
4 
4 
6 
6 
8 
8 
10 

' 10 

2 
2 
4 

' 4  
6 
6 
8 
8 

10 
10 

. .  

2 
2 
4 
4 
6 
6 
8 
8 
10 
10 

Table 1 

Yc(s) = 5/s 

Input  F i l t e r  
T i m e  Constant 

( Seconds 1 

1.0 
0.5 
1.0 
0.5 
1.0 
0.5 
1.0 
0.5 
1.0 
0.5 

1.0 
0.5 
1.0 
0.5 
1.0 
0.5 
1.0 
0.5 
1.0 
0.5 

1.0 
0.5 
1.0 
0.5 
1.0 
0.5 
J.0 
0.5 
1.0 
0.5 

-1 (seconds ) 

4.92 
3.63 
5.23 
4* 6 1  
5.52 
5.08 
6.55 
5,70 
6.79 
6.05 

4.95 
4 * 2 4  
6.10 
5.75 
6.61 
6.30 
7,28 
6.39 
6.31 
6.62 

3.93 
3.01 
4 * 4 2  
3.33 
4.25 
3.75 
4,50 
4.45 
4.54 
3.83 ' 

T. 

(seconds 1 

0.240 
0 ,, 221  
0,240 
0,234 
0.2L5 
0 E 20; 
0 0 19 i i  
0.198 
0 198 
0 Y 206 

0.245 
0 0 231 
0.216 
0 206 
0,210 
0 0 20s 
0,172 
0 E 192 
0,202 
0 188 

0 282 
0 ., 21t-9 
0 281 
0,246 
0 266 
0 233  
0.253 
0 234 

0,229 

. .  

o , . n 3  
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Day of 
Tra jn  ing  

3 

5 

6 

1 

5 
7 
.9 

3 
5 
7' 
9 

T a b l e  2 

2 Yc(s) = 5/s 

Input Fi l t e r :  
T i m e  Constant 

( Seconds 1 

1.0 

1 
1.0 

1 
1,o 

1 

-1. K 
(seconds 

3.32 
4 - 1 2  
3.90 
9-80 

4.19 
4.30 
4.14 
4.65 

3.56 
4,03 
4.10 
4.64- 

0 392 
0 547 
0 353 
0,301 

0 365 
0 367 
0 Y 35'7 
0 329 

0.884 
0,369 
0 e 375 
0 5 325 
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